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The purposes of this research were to s t udy the oxygen 
transfer rate s a nd the oxygen transfer efficie nci e s of 
different types of aerators u sing different sources o f 
oxyge n ln di fferent t ypes of water bodies , a nd to eva l uat e 
the number of diffusers required to be installed 1n a 
selected lake f or hypolimnion aeration . 
The experiments were conducted using a specially 
designed column . Four type s o f a erators , including a 
c y lindrical stone diffuser, a spherical s tone diffuser , and 
2 ceramic diffu s ers (types A a nd B) which di ffered in pore 
s ize , were util i zed a s the aerators . The water bodi es 
se l ected for t he s tudi es were Rolla tap wat er, Bray ' s Lake 
water , and Frisco Pon d water . Air and pure oxyge n were the 
two s ources o f oxygen s tudied . 
The oxygen t ransfer rates and efficiencie s of the 
ceramic diffusers were found to be greater than tho se of 
the sto n e di ffu sers . Ceramic di f f u ser type B was the be s t 
aerator tested . For a given t ype o f di ffuser , a higher 
transfer rate was generated when pure oxygen was u s ed 
ins tead of air . 
Hypolimnion aeration of Bray ' s Lake u s1n g the di ff u sers 
studied in thi s re search was feas ible . The number of 
di ffuser unit s required f or hypolimnion aeration may be 
minimized i f ceramic di ffu ser typ e B were e mployed whe n a1r 
was used , or if ceramic di ffu s er type A were operated when 
pure oxyg en was utilize d for aeration . 
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I. INTRODUCTI ON 
Since oxygen lS required for the living organisms 1n 
this world to maintain their metabolic processes, it is 
necessary to have sufficient amounts of dissolved oxygen 
in the surface waters for the growth of aquatic life . 
Although water bodies undergo natural aeration, the rate 
1 
of reaeration 1s f requently too slow to meet the high oxygen 
demand caused by the decomposition of organic matter and by 
the respiration of aquatic life. 
During the summer season, the sun warms the s urface 
water of the lake, gradually elevating the temperature of 
the upper layer, and the lake become s thermally s tratified . 
The warm layer of water at the top lS called the epilimnion, 
while the cold layer 1n the bottom is called the hypolimnion . 
These two layers are separated by a level known as the 
thermocline. Due to the temperature and density differences 
between the epilimnion and the hypolimnion, there is 
relatively little circulation between the two layers . Since 
natural aeration is limited to the surface of the water, a 
di ssolved oxygen deficit in the water, especially 1n the 
hypolimnion region, becomes a common phenomenon . In this 
situation, anaerobic and facultative organi sms will 
predominate, a nd thus , reduction of matter will occur. The 
anaerobic process results in the fo rmation of noxious gases 
that are associated with taste and odor problems in water 
systems . 
As the demand for water increases due to the nee ds of 
a rapidly expanding population, lakes are becoming more 
important than ever as a source of water. Water utilities 
and their customers prefer cold water, but the increasing 
amounts of pollution and the accompanying taste and odor 
problems will prevent the public from using the cold water 
in the hypolimnion for a water supply. The bad odors and 
low dissolved oxygen content will damage any recreational 
use of the lake water. 
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Fish life may be curtailed or eliminated completely due 
to the absence of dissolved oxygen. Ellis et al. (l) have 
reported that: 
"Dissolved oxygen at levels of 3 ppm 
or lower should be regarded as hazardous 
to lethal under average stream and lake 
conditions; and that 5 ppm or more of 
dissolved oxygen should be present in 
waters, if conditions are to be favorable 
for fresh water fishes." 
There is a normal range of temperatures, between 0 and 30°C, 
to which fish are adapted; however, most fish types require 
cold water in the temperature region between 0 and 20°C (2). 
The cold water reserved in the hypolimnion is, therefore, a 
valuable resource for fishing and water supply. In order to 
lncrease the amount of dissolved oxygen in lake water and to 
avoid the destruction of the temperature profile, aeration 
of the water in the hypolimnion directly, without de-
stratifying the whole water in the lake, is desirable. 
In addition to the advantage of conservation of cold 
water, hypolimnion aeration also reduces the cost for 
aeration since only a fraction of the lake is involved (3). 
3 
Previous researchers have made many efforts to design 
and test devices by means of which the water in the hypolim-
nion could be aerated without affecting the temperature 
profile of the lake. However, Speece (3) has suggested that 
deep oxygen - bubble injection, which introduces oxygen 
bubbles by locating the dispersers in the deep water of the 
lake, is particularly favorable because of its low instal-
lation cost and high oxygen transfer efficiency . 
The deep oxygen- bubble injection system is installed by 
anchoring the dispersers at different locations near the 
bottom of the lake. The injected oxygen bubble is complete -
ly absorbed before the bubble rises out of the hypolimnion . 
In this effort , many types of diffusers could be used as the 
dispersers for deep oxygen- bubble injection. 
Air may be injected instead of oxygen for aeration 
purposes from the view point of diffusers; however, the 
dissolved nitrogen (DN) concentration of the water is ln-
creased if air is bubbled into a lake. There is a DN toler-
ance level for fish. For instance, trout exposed to DN in 
shallow tanks, 6 in. (15.2 em) deep, experienced a 50 per-
cent mortality rate which occurred within 5 days at 105 
percent of DN saturation value (4). 
The purposes of this investigation were to: (a) 
determine oxygen transfer rates and oxygen transfer ef -
ficiencies in selected water bodies utilizing different 
types of aerators and sources of oxygen , and (b) evaluate the 
number of diffusers needed to be installed for a selected 
4 
lake. Most of the previous investigators in this field 
have dealt with oxygen transfer using a single t ype o f 
diffuser, and a single oxygen source. In this report, 4 
types of diffusers and 2 types of oxygen sources were 
tested; emphasis was placed on the comparison of different 
diffusers and oxygen sources. 
Column studies were conducted for the evaluation of 
oxygen transfer efficiencies at a steady temper a t ure leve l 
but at different gas flow rates. Air and pure oxygen were 
the two sources of oxygen studied. 
Both cylindrical and spherical stone diffus ers were 
used for the injection of gas bubbles and were commercially 
available. In addition, two porous ceramic square plate 
diffusers with different pore sizes developed e s pecial l y 
f or this s tudy* were also evaluat ed . 
Three water bodies were employed ln this study . The s e 
were (a) Rolla tap water which was u sed to represent c l ear 
water, (b) Bray's Lake water, ( c ) Fr i sco Pond wa t e r . 
The characteristics of fresh water samples , includi n g 
dissolved oxygen , biochemical oxygen demand, chemica l oxygen 
d e mand, total volatile a nd fixe d s olids, s u spend e d s olids , 
dis so lved so lids, hardness, alkalinity, and pH, were mea-
sured before aeration . 
The oxygen transfer r a t es o f t h e di f f u s e rs were 
* These aerators were specially built by the Ma r tin Mari etta 
Corporation, Denver, Colorado . 
evaluated in this study. This information was then used 
to determine the number of aerators required to aerate the 
hypolimnion of a small, stratified recreational lake based 
on the oxygen demand measured in this lake by Ellis (5). 
5 
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II. REVIEW OF LITERATURE 
The objective of the literature review was the study of 
prevlous investigations concerning the theory and methods of 
aeration, especially hypolimnion aeration. 
A. THEORY OF AERATION - OXYGEN TRANSFER 
Aeration is a gas-liquid mass transfer process ln which 
interphase diffusion occurs when a gaseous phase, usually 
air, is brought into contact with a liquid phase, usually 
water. In water treatment, aeration may be used for remov-
ing hydrogen sulfide, methane, and various volatile organic 
compounds responsible for tastes and odors in water. 
Aeration may also be used to remove carbon dioxide prlor to 
lime softening or to reduce the iron and manganese content 
of the water by oxidizing these materials to insoluble 
forms. In addition to these benefits, lake aeration may be 
used to increase the oxygen content of the water to provide 
for aerobic aquatic life forms (6). 
When water i s exposed to air , the volatile con stituents 
ln the water tend to reach equilibrium with the same consti-
tuents in the air. If the water i s deficient in dissolved 
oxygen, t h e oxygen in the air will d issolve continuously 
into the water until an equilibrium state is reached. 
Under conditions of natural aeration, the rate of achieve-
ment of equilibrium lS relatively slow . The f unction of 
artificial aeration lS to accelerate this natura l process. 
At equilibrium, the concentration of a dis solved gas ln 
water is an important characteristic of the gas . The 
equilibrium concentration of a gas ln water at a glven 
temperature and pressure, lS usually called the solubility 
or saturation value of the gas in water at that condition. 
The solubility of a gas lS dependent on (a) temperature, 
(b) pressure, (c) dissolved solids in the water, and (d) 
chemical nature of the gas (7). 
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Oxygen may be transferred to water by the process of 
diffusion. The driving force of diffusio n is t he concentra-
tion gradient between the saturation value and the actual 
concentration of oxygen in water. However , the saturation 
value of oxygen in water is related to the partial pressure 
of oxygen in the atmosphere in contact with the water at a 
given temperature. The relationship can be described by 
Henry's law (8), which states: For a slightly soluble gas 
which does not react chemically with the solvent, the solu-
bility of the gas in a liquid at a given temperature is 
directly proportional to the partial pressure of that gas . 
Therefore, if oxygen-enriched air or pure oxygen lS provided 
for aeration, the driving force for oxygen transfer will 
be increased with the increased oxygen partial pressure, 
and the oxygen transfer rate will be rai s ed . 
The rate of oxygen transfer, dC / dt, is a function of 
the deficit (D) between the oxygen s aturation value ( Cs ) 
a nd the oxygen conce nt r ation at any g iven time ( Ct ). The 
relationship between dC/dt and D can be expressed in a 
general equation (9) (10): 
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dC/dt = K a (C - C ) = K1 aD L s t [ l ] 
where C = concentration of oxygen in water 
dC / dt = rate of change o f this concentration 
K1 a = overall oxygen transfer coe f fi c i ent 
The parameter K1 a is a function of the interfacial area, 
volume of liquid, and other physical and chemical varia bles 
o f the s ys tem (10). The e ffect o f t empera ture on the value 
o f K1 a is usually expressed as (10) (11): 
[ 2 ] 
whe re T = temperature, ° C 
0 - temp erature c o e f f icien t wh i ch var le s 
from 1.016 to 1 .047 
- transfe r coefficient at t e mp e r a t ure T 
K1 a ( 2ooc) - tran s fer coef fi c ien t a t 2 0°C 
However, it has been report e d b y Liu e t a l. ( 1 2 ) that t he 
effe ct o f t e mpe rature on K1 a i s not appar e n t over t h e 
tempe r ature ran g e l8 °C t o 40° C; t h e y a l s o concluded that pH 
doe s not have a s ignif icant effect on oxy gen t ran sfer f rom 
alr to water . 
The effe ct s o f a numb e r o f f actors o n t h e rat e o f 
o xyg en absorptio n in wat er have been pr eviou sly inv e s tig at e d 
by many r e searchers . While t h e faci l it i e s used f o r these 
studies o f oxygen tran s fer hav e varied both in s hap e a nd 
9 
slze, most of the investigators reached common conclusions 
o n the effect factors s uch as gas bubble SlZe, depth, 
contaminants in water, g a s flow rate, a nd a gitation of water 
produce o n oxygen transfer (8) (11) ( 13 ) (14) (1 5 ) ( 16 ) ( 17 ). 
For example, Ippen and Carver (17) ran their test s l n a 
8-ft (2.44-m) column with an inside diameter of 5 . 5 ln . 
(14 em) and a wall thicknes s of 0.25 in. (0.64 em). The 
diffuser was fixed on the bottom of the column . In a slml -
l ar study, Downing and Truesdale (18) used an open 5-l 
beaker for an aeratio n study . Both studies reached similar 
conclus ions. This indicates that variat ions in laboratory 
apparatus are not a major factor in aeration study accuracy . 
Speece (19) reported that the bubble size had a marked 
effect o n the rate of oxygen transfer i n the operation of a 
downflow bubble contact aerator . Thi s co nclusion was ln 
agreement with the conclusions presented b y Ippen and Carver 
( 1 7). They concluded that, i f all other factor s remained 
constant, the reduction of b ubble s ize would increase the 
oxygen absorption rate. Furthermore, Ippen a nd Carver (17) 
reported that the oxygen transfer coeff icient fo r a g iven 
s y s t e m decreas ed with increas ing column height; c ons equ e ntly , 
the rate of absorption is maximum at the point of bubble 
f ormat ion. 
The use o f pure oxyg e n f o r a e ration h a s b e e n s ugges t e d 
by both Ippen and Carver ( 17) as well as Speece (19). These 
studies indicated pure oxygen was economically competit ive 
with air from the standpoint o f oxygen tra n sfer eff i c i e ncy . 
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In a study of the effect of contaminants on the rate 
of water aeration, Downing et al. (13) found that the 
presence of contaminants, such as oil or other surface 
active agents, would reduce the oxygen absorption, since 
the ability of the gas molecules to penetrate the inter-
f acial surface was changed. 
It has been shown that the oxygen transfer efficiency 
decreases with increasing air f low rate (8). Imhoff (20) 
has reported that the greatest efficiency for a given system 
can be achieved at an air flow rate within a certain range 
to be determined experimentally. Higher rates did not 
i ncrease the total oxygenation capacity. 
In the investigation of the effect of agitation on 
oxygen transfer, Downing and Truesdale (18) used an impeller 
to stir the test water at differe nt speeds, and fo und 
that the rate of oxygen transfer increased rapidly with the 
increasing rate o f stirring. 
B. METHODS OF HYPOLI MN I ON AERATI ON 
In addition t o natural reaeration, a great many devices 
may b e employed to mechanically aerate a lake. Equipment 
for aeration may be generally classified as (a) water-fall 
aerators which accomplish aeration by gravity induced 
turbulence in water; ( b ) diffusion or bubble aerator s which 
utilize diffusers or i n jection devices to introduce 
compressed alr or oxygen bubbles into the water; and ( c) 
mechanical aerators which provide aeration by means of motor 
ll 
power. Mechanical aerators are frequently operated 1n com-
bination with diffusion type aerators (6). 
Many researchers in the United States have made efforts 
to aerate lake water by destratifying the water body (21). 
One of the earliest efforts has been accomplished simply by 
pumping the hypolimnion water up, and then discharging the 
water down to the surface of the lake (21). When the cold 
hypolimnion water was discharged near the lake surface, it 
mixed with the warmer epilimnion water; the water was aerat-
ed but the temperature profile was destroyed. As a result 
of destratification, the quality of water would be adversely 
influenced. 
In 1968, a Swedish lake with inlet and outlet streams 
was chosen for a study of lake aeration (22). In this lake, 
under natural conditions, only water in the upper or epilim-
nion layer was moved in and out of the lake, and the water 
in the hypolimnion layer became deficient in oxygen. In 
order to improve this condition, oxygen deficient water was 
withdrawn from the bottom of the lake by pumping, and then 
was released to the flowing outlet stream while the lake 
wa s being refilled by the water of inlet stream. Thi s method 
created turbulence which forced the top layer of water to 
mix with the bottom layer, thus aerating the lake. The cost 
of operation was rather low, but no more cold water existed 
since the water body was destratified by this procedure. 
Mercier and Perret developed a method for hypolimnion 
aeration without destratification early in 1949 (23). An 
aeration plant was built by the lakeshore to aerate the 
oxygen devoid water which was withdrawn from the hypolim-
nlon. ThB point of discharge of the aerated water was at 
12 
the same depth as the water intake, but was located far a way 
from the intake point in order to avoid short-circuiting . 
The concept of a U-tube aeration system was developed 
by researchers in the Netherlands* (24). The experimental 
device used is shown in Figure 1. The two stems of the 
U-shaped tube were different in length; one was 4 4 ft 
(13.4 m) and the other was 9.5 ft (2.9 m). The upper end 
of the longer stem was provided with an air i n jector t o 
aerate the incoming water. The oxygen enriched water flowed 
out of the tube from the end of the shorter s t em . Bruijn 
and Tuinzaad (24) applied this concept to aerate water and 
to remove carbon dioxide in a water treatment plant. The 
system (Figure 2) was designed by inserting a 23. 5-in. 
(60-cm) s t eel tube into a 5-ft (1. 52-m ) concrete pipe with 
a cis tern on the top. The steel tube was connected to the 
cis tern and was s u spended i n side the pipe which was drilled 
i nto the ground. Water was taken from the cistern via the 
steel tube and aerated before di s charging . 
Speece et al. (25) (26) ( 2 7) proposed a modification of 
U-tube system ( Figure 3 ) which would be suitable for hypolim-
nion aeration . They extended the intake pipe which al l owed 
* Keurings Instituut voor Waterleiding-Artikelen ( Institute 
for Testing Waterwo rks Equ ipment ) ; a research institute i n 
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Figure l . Experimental U-Tube Aeration Device 
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Figure 2 . Field U-Tube Aeration System 
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Figure 3. Modified U-Tube System 
[after Speece ( 3 )] 
() 0 
0 • 0 If 




0 0 0 
























the hypolimnion water to get into the sump very easily. Air 
was injected into the water on the point of discharge. A 
hood was installed on the horizontal discharge pipe in order 
to trap non-dissolved bubbles which might cause destratifi-
cation if they were released to the hypolimnion reg1on. The 
air bubbles trapped in the hood would rise through the intake 
pipe and be absorbed there. 
Bruijn and Tuinzaad (24) reported that the U-tube 
system was unfavorable for the elimination of carbon dioxide 
gas in water treatment due to the high pressure in the 
system. However, the U-tube aerator has been reported to 
have many advantages if it is applied for oxygen absorption 
(24) (25) (26) (27). The advantages were: (a) high ef-
ficiency with low operational cost; (b) minimum maintenance 
and little s upervision were required; (c) little space was 
needed; (d) high operational flexibility since it permitted 
independent control of the water and a1r flow rates; and 
(e) only a small hydraulic h ead loss was required to force 
the water through the system. 
Bernhardt (28) designed, built, and operated a hypolim-
nlon aeration column which was installed near the lake 
bottom and extended to a height of 10 ft (3.05 m) above the 
water surface. This aerator is shown 1n Figure 4. Four 
3.3-ft (l-m) pipes were connected to the 6.6-ft ( 2-m ) diam 
column at a point just below the thermocline which was 70 f t 
(21.3 m) above the column bottom. The aerator dispersed 
air at the column bottom forcing the water to rise . The 
17 
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ft x 3·048 = m 
Figure 4 . Bernhardt ' s Hypolimnion Aeration Device ( 28 ) 
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water enriched with oxygen was discharged through the 
lateral p i pes, but the alr bubbles continued to rise since 
the pipes were slanted slightly downward. The oxygen trans-
fer efficiency was reported to be relatively high, and the 
capital and operating costs of aerating the hypolimnion of 
the Wahnbach Reservoir were relatively low . 
In 1970, Speece et al. (3) (29) devised a system which 
they called a downflow bubble contact aerator (DBCA). It 
was made by mounting a propeller in the top of a cone - shaped 
hood (Figure 5). Commercial oxygen was utilized instead of 
alr, so that an increase in the nitrogen level of the water 
might be avoided. The oxygen diffuser was installed inside 
the hood, just below the propeller. Since the opening of the 
hood bottom was much greater than that of the top, in accor-
dance with Bernoulli ' s theorem (30), the velocity of the 
water coming through the top should be higher than that of 
the water leaving through the bottom. In order to avoid 
destratification of the lake, care must b e taken to trap 
the bubbles inside the hood. The hood was, therefore, 
designed so that the velocity of th e inlet water was greater 
than the buoyant velocity of the bubble but the outlet 
velocity had to be less than the buoyant velocity of the 
bubble. Speece (3) (29) reported that the experimental 
results indicated the outlet water was supersaturated with 
dissolved oxygen, but it was diluted to saturation levels by 
the surrounding water immediately after discharge. In order 
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Figure 5 . Speece's Downflow Bubble-Contact Aerator (3) ( 29 ) 
of the top throat has to be made long enough so that the 
oxygen enriched water would not return to the system. 
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In a Swedish study of hypolimnion aeration (23), 
compressed air was forced through plastic hoses to blow 
bubbles into an impoundment. The air bubble was injected 
deep enough in the lake, so that the oxygen was completely 
absorbed before the bubble rose out of the hypolimnion. The 
problems associated with nitrogen were not mentioned. 
Speece (3) suggested in a review of hypolimnion aeration 
techniques that in order to get high efficiency from this 
type of aerator with low cost, commercial oxygen should be 
used instead of alr. The equipment would then be called a 
deep oxygen-bubble injection system. Since no compressor 
is required for the oxygen which is under pressure, the 
operation cost would be minimized, and the installation cost 
would also be very low because the system is simple . Speece 
concluded that the deep oxygen-bubble injection system 
should be strongly recommended for hypolimnion aeration. 
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III. MODE OF STUDY 
The equipment and materials used for the aeration 
study, the chemical tests and experimental procedures em-
ployed, and the methods used to mathematically analyze the 
findings are presented in this chapter. 
A. EQUIPMENT 
An aeration system was especially designed for the 
study of oxygen transfer. A schematic diagram of the system 
is given in Figure 6. A 9-ft (2.74-m) lucite column* 
(Figure 7) having an inside diameter of 5.5 in. (14 em) and 
a wall thickness of 5/16 in. (0.79 em) was built and was 
supported by a wooden stand. Four sampling taps were drill-
ed at depths of 0, 2, 4, and 6 ft (0, 0.61, 1.22, and 1.83 m) 
measured from the water surface. The column was filled with 
the water to be studied to a depth of 8 ft (2.44 m) measured 
from the top of the diffuser to the water level. The tempe-
rature of the sample water was generally between 20° and 
25°C and, since cooling the sample was not feasible in the 
laboratory, heating tapes were installed around the column 
to bring the water temperature to 25°C. The heating tapes 
were connected with a temperature controller** which was used 
to keep the temperature of the system constantly at 25°C. 
The diffuser being studied was mounted in the center of the 
column bottom. A rubber gasket was sandwiched between the 
* A product of the Cope Plastics, St. Louis, Missouri. 
** Model 63 RC, a product of the Yellow Springs Instrument 
Co., Inc., Yellow Springs, Ohio. 
Pressure 
Reducing 




























Oro in --r-~~:!::=1 
~------------------------~ Pure Oxygen C Iinder 
Figure 6. Diagram for Experimental Apparatus 
23 
Figure 7. Aeration Column 
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flanged column end and the plastic bottom plate and held 
by 8 bolts in order to prevent the water from leaking and 
to enable the diffuser to be changed. A stirrer* was hung 
on top of the column to provide mixing whenever chemicals 
were added to the water in the column. 
The air used in this experiment was obtained f rom the 
laboratory supply system; pressure was controlled by means 
of a reducing valve and a pressure gauge. The air was then 
passed through a fiber filter to remove dust or other 
impurities, and then a water filled flask was used for 
further cleansing. The gas flow rate was measured by means 
of a flowmeter** and then introduced into the column through 
the diffuser. In the case of pure oxygen aeration, the 
pressure of the oxygen entering the system was adjusted by 
a regulator; a filter was not employed because the oxygen 
was considered to be clean. 
B. WATER SYSTEMS 
Three types of water systems were selected for this 
study: Rolla tap water, Bray's Lake water, and Frisco Pond 
water. 
1. Rolla Tap Water. 
Rolla tap water was obtained from the cold water faucet 
ln the laboratory. It was used to represent clear water and 
* Fisher Dyna-Mix Stirrer, Model 43, a product of the Fish-
er Scientific Company, St. Louis, Missouri. 
** A product of the Environmental Science Division, Bendix 
Co., Inc., Batimore, Maryland; scale range is from 0.1 to 
10 cfh (0.0028 to 0.28 cu m/hr). 
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served as a control system ln this study. 
2. Bray's Lake Water. 
Bray's Lake is located ln the south part of Rolla, 
6 miles (9.66 km) from the laboratory. The total area of 
the lake is 24.25 acres (9.82 ha) when it is full. This 
palm-shaped lake ls one of the recreational lakes in Rolla. 
The sample water was obtained from the northern edge of the 
lake. 
3. Frisco Pond Water. 
Frisco Pond is located ln Schuman Park which is a few 
blocks from the laboratory. The lake is triangular in shape 
with an area of 5 acre s (2.02 ha). This lake was s light ly 
polluted by the discharge of a storm sewer. The sample water 
was obtained from the western lakeshore. 
C. SOURCES OF OXYGEN 
Two types of oxygen sources were employed in this 
inve s tigation: a ir which came f r o m the laboratory s upply 
sys tem and p ure oxygen which was purchased in cy linders *. 
D. DIFFUSERS 
Four types of di ff users were se lected for th i s inve s ti -
gation a nd are s hown in Figure 8 . 
l. Cylindrical and Spherical Stone Diff users. 
These porous s tones ** were ma de of f u sed crys talline 
alumina grains . Each s tone h a d a cadmium plate d brass nipple 
* A product of the Air Reduction Company , New York; the c on-
tent o f a cylinder was 244 cu ft (6, 91 0 l ). 
** Products of Fi s her Scientific Compan y , St . Lo u i s , Mi ssouri . 
Figure B. Diffusers: (a) Cylindrical Stone Dif fuser; 
(b) Spherical Stone Diffuser; (c) Ceramic 
Diffuser Type A; (d) Ceramic Diffuser Type B 
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for 3/16 -in. (0. 48 - cm ) rubber tubing . The cylindrical stone 
was 1 ln. (2.54 em) high and 7/8 in . (2.22 em) in diameter, 
while the spherical stone was 1 ln. (2.54 em ) in diameter. 
The dimensions of each diffuser are shown in Figures 9a and 
9b. 
2. Ceramic Diffuser Types A and B. 
The ceramic diffusers were specially made fo r thi s 
project * . Each diffus er was tetragonal in shape and had 
dimensions of 2 x 2 x 1.5 ln. (5.08 x 5.08 x 3.81 em). The 
ceramic was affixed on an aluminium frame which had a me-
tall i c nipple for 3/16-in. (0.48-cm) rubber tubing ( Figures 
9c and 9d). These diff users were made by di fferent fo rmu-
lations of ceramic, thus the two type s were di fferent ln pore 
Slze . The bubble s generated by ceramic diffuser t ype A did 
not exceed 0.5 mm at 30 psi ( 2 .11 kg/sq em) and 0.1 scfm/ sq 
f t ( 0 .0 3 s cu m/mim/sq m) o f di ffuser, while the bubbles 
from ceramic di ffuser t y pe B did not e xceed 0. 2 mrn under 
t he same conditions ( 31 ). 
E . CHEMICAL TESTS 
Since oxygen transfer rate s may be influence d by the 
characteristics o f the water ( 1 0), characterizations were 
performed as the firs t s t ep of t hi s i nvestigation. The 
te s ts that were made include d di ssolved oxygen (DO), 
bioch emical oxygen demand ( BOD), ch emi c al oxy gen de man d 
* These were made b y t h e Martin Mar ietta Corporat ion, 
Denver, Colorado. 
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Figure 9. Dimensions of Diffu sers : ( a ) Cylindrical Stone 
Diffuser; ( b ) Spherica l Stone Diffu ser ; ( c ) 
Ceramic Diffuser Type A; ( d ) Ceramic Diff u ser 
Type B 
(COD), total solids (TS), suspended solids (SS), fixed 
solids (FS), volatile solids (VS), alkalinity, hardness, 
turbidity, and pH value. 
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The DO was determined by the azide modification of the 
Winkler method outlined in Standard Methods (32, p.477). 
The BOD and COD determinations were made to evaluate 
the effect of water quality on the oxygen transfer in water. 
The methods recommended by Standard Methods (3 2 ) were used 
for the measurement of 5-day BOD (p.489) and COD (p.495). 
For the BOD determination, undiluted sample and 2 different 
dilutions (33.3 and 16.7 percent) were used to obtain the 
required oxygen depletions. Seeding was not employed s1nce 
Standard Methods sugge s ted that seeding was unnecessary fo r 
surface water (32, p.490). 
The TS, SS, and FS were measured by the procedure for 
residue outlined i n Standard Methods (3 2 , pp.288-292). 
The s ample vo lume chosen f or the test was varied for d iffe r-
ent water bodies: 1,000 ml for Rolla tap water and for 
Bray' s Lake water, and 333 ml for Fri s co Pond water . The 
VS were determined by s ubtracting the value of f ixed residue 
from that of total residue. 
The procedure outline d 1n Standard Metho ds (3 2 , p.5 2 ) 
was employe d for the determinations of ph e nolphth ale in 
alkalinity and total alkalinity in the s amples . 
The Hack modification of the complexometri c water 
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hardness test us1ng TitraVer* was employed for the hardness 
determination. The titrant was prepared by dissolving 4 g 
of TitraVer powder in 750 ml of deionized water. The solu-
tion was standardized so that l ml would be equivalent to 
l mg of calcium carbonate. For the total hardness determi-
nation, 1 g of UniVer II* was added to 50 ml of sample 
before the sample was titrated with the standard TitraVer 
solution. The color change during the titration was from 
wine red to blue. The calcium hardness was measured by a 
similar procedure, except that 0.5 ml of an 8 N potassium 
hydroxide solution was added to the sample before the 
indicator, 0.1 g of CalVer II* instead of 1 g of UniVer II, 
was added. 
Instrumental methods were used f or the measurement 
of turbidity and pH. The turbidity was determined by a 
Hack Laboratory Turbidimeter**, while the value of pH was 
measured by a Fisher Accumet pH meter***· 
F. EXPERIMENTAL PROCEDURES 
The aeration study was performed in an aeration column 
designed for this study after the sample water was character-
ized. Ten gal (37.85 l) of water were pumped into the 
column by a special device made of a plastic jar having two 
* A product of the Hack Chemical Co., Ames, Iowa . 
** Model 1860, a product of the Hach Chemical Company, 
Ames, Iowa. 
*** Model 210, a product of the Fisher Scientif ic Company, 
St . Louis, Missouri. 
open1ngs. Air from a compressor was introduced into the 
jar through one of the openings to force the inside water 
to flow into the column through the other opening. The 
procedure for the aeration study was as follows: 
l. The temperature of the system was held constant 
at 25°C us1ng a temperature controller and heating 
tapes. 
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2. The selected water in the column was aerated b y the 
selected diffuser vigorously for approximately l hr 
until the water was completely saturated with oxy -
gen. 
3. Three samples were taken to meas ure the satur ated 
value of oxygen 1n the selected water body . 
4. Six g of sodium s ul fite and 0.05 g of cobalt chlo -
ride catalyst were added to remove the DO in the 
sample (9). Meanwhile, the s tirrer was turned on 
f or 30 m1n at 100 rpm to completely m1x the aeration 
column. 
5. The diffuser was then turned on and samples were 
taken u s ing BOD bottles every 5 m1n from the 
sampling taps . By s uccessive approximation, the gas 
f low was adjusted to a rate such that at least 5 
samples could be obtained before 90 percent o f 
s aturation was r eached ( 33 ). 
6. The amount of DO in each sample was immediately 
~nalyzed and recorded. 
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7. The amount of DO at any time was subtracted from the 
saturation value 1n order to determine the oxygen 
deficit at that time. 
G. CALCULATION METHODS 
1. Determination of KLa Values. 
As oxygen deficit (D) is the difference between the 
oxygen saturation value and the oxygen concentration at a 
given time, equation [1] can be expressed as: 
or 
dD/dt = - K aD L 
dD/D = - KLa dt 
Intergrating f r om time t 1 to time t 2 , pr oduces 
and by rearrangement the equation becomes 
KLa = ( l n D1 - ln D2 )/( t 2 - t l) 
= 2 .30 3 ( l og D1 - log D2)/(t2 - tl) 
wh ere KLa = overall oxyge n trans f e r coefficient, 
Dl = oxygen de f icit at time t l, mg/1 
D2 = oxygen defi c i t a t time t2' mg /1 




[ 5 J 
hr - 1 
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t 2 = time, hr 
If the unit of time lS expressed ln mln, while K1a lS 
. . -1 
stlll ln hr , then 
K1 a - 2.303 (60 min/hr) (log D1 
= 138 (log D1 - log D2 ) / (t2 
log D2 ) / (t2 - tl) 
t') 1 [6] 
A graphical method was developed to determine the value 
of K1 a uslng equation [6]. The oxygen deficit value was 
plotted on a semilogarithmic graph paper against time. The 
value of K1 a was evaluated from the slope of the resulting 
straight line. 
2. Determination of Alpha. 
Since the presence of surface-active materials has 
been s hown to affect the oxygen trans f er rate (8) ( 9), the 
change in transfer rate was defined by a coefficient a as 
follows: 
a = K1a (lake water) / K1 a ( clear water ) [7 ] 
3. Determination of Beta . 
Beta was defined by the equation indicated below (8) 
( 9 ) : 
= saturation value of oxygen 7n lake water 
S saturation value of oxygen ln clear water [8] 
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4. Calculation of Oxygen Transfer Rate in Clear Water. 
The oxygen transfer rate of a selected diffuser in 
clear water at standard conditions was estimated after K1a 
for clear water had been obtained using the following 
formula ( 9) ( 12) : 
[9] 
where Rc = oxygen transfer rate ln clear water a t 
standard conditions, lb o2/ h p/ hr 
= overall oxygen trans f er coef fici e nt a t 
2 5° c' hr-l 




dis s olved oxygen, mg/1 (C' = DO a t s 
standard conditions , mg/1; ci = initial 
DO a t beginning of t est = 0) 
= q u antity o f wa t er under aerat i o n, mi l 
lb 
= t e mperature of testing system, °C 
= power of d iffu ser system at 2 0° C, hp 
The powe r of t h e diffu ser system was calculated by the 
followi ng equation ( 12 ): 
p = pQ ( 1 44) /E ( 33 000) (60) - 7. 27 X lo - 5 ( pQ/E ) [10 ] 
35 
where p = gas pressure, psl 
Q = gas flow rate, cfh 
E = efficiency of the diffuser system, percent 
5. Calculation of Oxygen Transfer Rate in Selected Lake 
Bodies. 
Equation [10] was used to estimate the oxygen transfer 
rate in clear water under standard conditions and a correc-
tion was neccessary for lake bodies (9): 
[ll] 
where RL = oxygen transfer rate ln selected lake body , 
lb o2 /hp/hr 
Rc = oxygen transfer rate l n clear water under 
standard conditions, lb o2/hp/hr 
Cn = oxygen saturation value in clear water at 
design t e mperature , mg /1 
CR = oxygen level desired to be maintained ln 
the l a ke, mg/1 
Tn = design temp e r a ture , oc 
C' = oxygen saturation value ln clear water at s 
2 0° c' mg/1 
6. Ca lculation o f Ox y g e n Tran sfer Eff iciency . 
The estimation of oxygen transfer eff iciency was bas ed 




weight of oxygen absorbed 
= per unit of time 
weight of oxygen supplied ( 1 00) 
per unit of time 
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[12] 
Since equation [1]: dC/dt = K1a (Cs- Ct) can be ex-
pressed as: 
[ 13 ] 
or dm/dt [13'] 
where dm/dt = time rate of mass transfer 
C8 = oxygen saturation value 
Ct = oxyge n concentration at time t 
V = volume o f liquid 
Ihe weight of oxygen absorbed in water per unit of time 
is therefore: 
where K1a = overall oxygen transfer coeffic ient at 
25°C, hr-l 
c s - ci - oxygen defi cit at design temperature 
f or zero DO) mg / 1 
w = quantity of water under aeration, mil 
lb 
TD = design temperature, °C 
T = temperature of testing system, °C 
= 25° c 
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The weight of oxygen supplied per unit of time was computed 
as follows (10): 
[15] 
where Q = gas flow rate, cfh 
d' = density of the gas, lb/cu f t 
y = weight percent of oxygen in the gas 
A correction for the effects of temperature and pressure 
on the gas density was made using the f ollowing relationship 
( 10): 
[16] 
where d' = actual gas density, lb / cu ft 
d = gas density at 1 atm and 32°F, lb/cu ft 
pb = actual gas pres s ure , ps1 
Tf = absolute temperature o f gas, OR 
= 460 + temper ature 1n Of 
38 
IV. PRESENTATION OF RESULTS 
The results of oxygen transfer studies in selected 
water bodies using different types of diffusers are reported 
in this section. The investigation was initiate d in the 
spring of 1972, and at that time the lakes investigated 
had not thermally stratified. The water temperature at all 
depths in both Bray's Lake and Frisco Pond ranged from 18° to 
24°C during the period of sampling . 
A fresh sample of each water studied was chemically and 
physically characterized before initiating an aeration 
study, and the results are shown in Table I . No attempt was 
made to determine the effect o f any chemical component on 
oxygen absorption. 
The aeration study was performed in 8 experiments; 1n 
each test set , a sin g l e type of diffuser and a single source 
of oxyg en were employed to aerate each water source us1ng 
similar gauge pressures and gas flow rates. Four types of 
diff users including 2 s tone a nd 2 ceramic diffusers were 
tested using air and pure oxygen as the oxygen source. 
The oxygen transfer rate and efficiency were calculated 
under standard condition s (zero initial DO and 20°C) in 
order to evaluate the perfo rmance of the aerators under 
conditions generally u s ed by ma nufact urers of aeration 
equipment to expres s the r ate efficiency of their products 
( 9 ) . 
A. THE OXYGEN TRANSFER RATE STUDIES 
In order to estimate the oxygen transfer rate , the 
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Table I. Characteristics of Water Samples 
Roll a Br a y ' s Frisco 
Tap Lak e Pond 
Characteristic Water Wa ter Water 
DO, mg/1 3.0 8.4 5 . 7 
BOD, mg/1 0.4 2.1 6. 0 
COD, mg/1 20 24 48 
TS, mg/1 230.5 196.7 297.0 
Fixed, mg/1 104.0 113.1 191.1 
Volatile, mg/1 131.0 83.6 105.9 
ss, mg/1 2.1 8 . 9 3 6. 3 
Fixed, mg/1 0. 8 4.5 10.5 
Volatile, mg/1 1.3 4.4 2 5. 8 
DS, mg/1 232.9 187.8 260.7 
Fixed, mg/1 103.2 108.6 180.6 
Volatile, mg/1 1 29.7 79. 2 80.1 
Hardnes s 
Total, mg/1 as CaC0 3 270 142 132 
Calcium, mg/1 a s CaC0 3 1 34 60 76 
Ma gnesium, mg /1 as CaC0 3 13 6 82 56 
Alkalinity 
Total, mg/1 as CaC0 3 200 62 1 21 
Ph e nolph t h a l e in, mg/1 as CaCO 0 0 0 
3 
Turbidity, JTU 0.4 9 40 
pH 7.4 8. 2 7. 9 
oxygen saturation value, the power of the diffuser system, 
the overall oxygen transfer coefficient, the a and 8 
coefficients for each test have been determined either 
experimentally or by computation using the equations 
summarized in Table II. A typical computation is shown ln 
Appendix A-1. 
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The oxygen saturation value for each water studied was 
determined at 25°C by vigorously aerating the water in the 
column prior to a given experiment. The water oxygen level 
was then lowered to zero by the addition of sodium sulfite 
and cobalt chloride. Following deoxygenation, t he water was 
aerated at a selected gauge pressure and gas flow rate. The 
gauge pressure and gas flow were adjusted, by successlve 
approximation, to a rate such that at least 5 samples could 
be obtained before 90 percent of oxygen saturation in-water 
was reached; the gas flow rates were also selected such that 
the power of the diffuser s ystem for each type of diffuser 
uslng the same oxygen source was as close as possible. The 
power of each diffuser system was evaluated by equation 
[10], and assumlng a 90 percent diffuser system efficiency 
which was considered to be average f or most aeration units 
( 9 ) . 
When the ceramlc diff users were in operation, it was 
n e cessary to start the f low at a r e latively high pres s ure 
and then back off to the desired pressure; thi s was due to 
the design of the diffusers which had very s mall pores and 
Equation 
Table II. Summary of the Equations Use d 
for Computations of Results 
Number Equation 
6 K1 a = 138 (log D1 - log D2)/(t2 -tl) 
7 a = K1a (lake water)/K1 a (clear water) 
8 S = saturation value of oxygen ln lake water 
saturation value of oxygen in clear water 
9 R = (K a) (C' -C.) (W/ P ) (1.024)( 20 -T) 
c L s l 
10 P = 7.27 X 10- 5 (pQ/E) 
11 R1 = (Rc/C~) (CDS- CR) (1.024)(TD- 20 ) (a.) 
12 ~xygen transfer efficiency = 1 (lOO) ln percent (WA Ws) 
14 WA = K1a ( cs - c.) (W) (1.024)(TD - T) l 
15 w = Qd ' y 
s 
16 d ' = d (Pb/14.7) (492 /Tf ) 
Definition of Terms: 
K1 a = overall oxygen transfer coefficient , hr-1 
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= oxygen deficit at times t 1 , and t 2 , respective-
ly, mg/1 
t 1 , t 2 = time, mln 
R 
c 
= oxygen transfer rate ln clear water under standard 
conditions, lb 0 / hp/hr 
2 
C' = oxygen saturation value ln clear water at standard 
s conditions, mg/1 
c. = initial DO at beginning of test, mg/1 
l 
W = quantity of water under aeration, mil lb 
42 
Table II (Continued). Summary of the Equat i ons Used 
for Computations of Results 
















= tempe rature of testing system, oc 
= power of diffuser system, hp 
= g a s pre ssu r e, psl 
= gas flow rate, cfh 
= efficiency of diffuser system, percent 
= oxygen t ransfer rate in lake water , lb o2/hp/hr 
= oxygen saturation value in clear wate r at design 
temperature, mg/1 
= oxygen level desired to be maintained l n the lake, 
mg/ 1 
= design temperature, °C 
= weight o f oxygen a bsorbed per unit o f time, 
lb o2/hr 
= weight of oxygen supplied per unit of time, 
lb o2/hr 
= oxygen saturation value at design temperature , 
mg/1 
= actual gas density, lb/cu f t 
= weight percentage of oxygen l n a gas, percent 
= gas density at 1 atm and 32° F, lb/cu f t 
= actual gas pressure, psl 
= absolute temperature of gas , OR 
= 460 + temperature ln or 
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therefore had a high pressure loss. 
A sample volume of 300 ml was taken from each sampling 
tap at 5-min intervals after aeration was started. The DO 
content of each sample was determined at 25°C; the raw data 
collected in this study are presented ln Appendix C. The 
oxygen deficit in each sample was computed by subtracting 
the DO value at the sampling time from the saturation value 
determined for that test (Appendix C). The oxygen deficit 
value was then plotted against time on semilogarithmic paper 
(see Figures 10 to 17) ln order to determine the relation-
ship between DO and time. The slope of each resulting 
straight line, as determined by equation [6], was the 
overall oxygen transfer coefficient (K1a). 
After the oxygen saturation and K1 a values f or all the 
test sets had been obtained, the a and S coefficients were 
determined using equations [7] and [8]. The values obtained 
for Rolla tap water were used a s the clear wa t e r values i n 
those equa tions. 
The oxygen trans fer rate, Rc' ln clear water under 
standard conditions was calculated by equation [9]; the K1 a 
va lue obtain e d a t 25°C was s ubs tituted i nto the e quation 
directly, since a correctio n f actor*, 0.888, wa s used 
to correct the K1 a va lue to 20° C. The power of t h e diff u s e r 
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Figure 11 . Oxygen Transfer Using a Spherical Stone 
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Figur e 1 2 . Oxyge n Transfer Us ing a Cerami c Diffuser 
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corrected to 20°C in Tables B-I and B-II, respectively 
(Appendix B). The value of C. used in the equation was 
l 
zero, because zero DO gives a maximum transfer rate. Ten 
gal (37.85 1) of water were used in each set of studies, 
therefore, the weight of the water under aeration was 
estimated to be 83.4 lb (38 kg). 
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The values of R obtained in equation [10] were applied 
c 
to equation [11] which was utili zed for the calculation of 
the oxygen transfer rate, R1 , in the selected lake bodie s. 
The oxygen saturation value, CD, at 2 0°C was obtained from 
Table B-I. The oxygen level desired to be mai ntained ln 
the lakes, CR, was assumed to be 5 mg/1 which was considered 
favorable for fish (1). The values of a and S were con-
s ide red to be constant for a small temperature change. 
B. THE OXYGEN TRANSFER EFFICIENCY STUDIES 
The first step for the evalutions of the relative 
oxygen transfer efficiencies at 20°C among different di f -
f u ser type s was to estima t e both the a mo unt of oxygen a b -
sorbed in the water per unit of time and the quantity o f 
oxygen s upplied by the aeration system per uni t of t i me at 
that temperature . A computation e xample is shown in 
Appendix A-2. 
The we ight of oxygen absorbed per unit of t ime , WA, was 
calculat ed u s ing equation [ 14]. To get a maximum ab s orption 
rate , zero DO was u sed for t h e value of c .. The oxygen 
l 
saturat i on value i n each water at 2 0°C ( Table B-I) provided 
the value of Cs . 
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Equation [15] was used for the determinations of the 
weight of oxygen supplied per unit of time, W . The densi-
s 
ties of air and pure oxygen at 1 atm and 0°C were taken as 
(10) (34) 0.0808 lb/cu ft (0.1290 kg/cum) and 0.0892 
lb/cu ft (0.143 kg/cum), respectively, and were corrected 
to 20°C and the gauge pressure used in each test by using 
equation [16]. The percentage by weight of oxygen in the 
a1r was assumed to be 23.2 percent (10), while the oxygen 
used 1n this study was assumed to be 100 percent pure. 
The values obtained from equations [14] and [15] were 
substituted into equation [12] in order to determine the 
oxygen transfer efficiency for each test. A s ample calcula-
tion is given in Appendix A-2. 
A summary of results of the oxygen transf er rate and 
efficiency studies, tabulated on the basis of diffuse r 
type, is shown in Table III. 
C. AERATION OF BRAY'S LAKE 
The oxygen l e v e l 1n Bray' s Lake was studie d 1n 1971, 
and the oxygen depletion ra t e was reported to b e 0.5 mg/1 / wk 
(5). In order to supplement the oxygen as it was de pleted 
and to maintain an oxygen level of 5.0 mg /1 in t h e hypolim-
nion, a s u ff icient number of diffu sers would have t o be 
employed simultaneously to provide the a1r or pure oxygen 
for aeration . The average temperature of the hypolimnion 
water i n Bray' s Lake was reported to b e approximate l y l3°C 
(5). The determination of both the oxygen t ran sfer rate 
and efficiency in Bray' s Lake was based on l3°C u sing the 
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Table I I I. Summary of the Results of the Oxygen Transfer 
Studies at 2 0°C 
Dlt-f u ser Cy11ndr1ca1 Stone D1ffuser 
Test Set 1 2 
Oxygen Sou r c e A1r Pure Oxygen 
.Gauge Pre ss ure,psl 6 3. 8 
Ga s Flow Rate,cfh 3.47 2.65 
Power of Diffuser 
System,1 0- 3 hp 1.68 0.815 
Depth from Water 
Level,ft 0 2 4 6 0 2 4 6 
c~,mg/1 9 . 2 43.6 
K a ( 25°C ) , 
L 
Rolla hr-1 3. 22 3.49 3.32 3.58 1.52 1.84 1.57 2.26 
Tap Rc' 
Water 
lb 0 2/hp/hr 1.31 1.42 1.35 1.45 5.99 7.26 6.19 8.92 
Transfer 
Eff . , % 8.86 9.58 9.10 9.81 8.55 10.4 8.80 1 2 .7 
CD,ing / 1 9.1 42.7 
s 0.988 0.980 
KLa ( 25°C ) , 
Bray's hr-1 3.07 3.41 3.07 3 .43 1 .41 1.64 1.43 1.76 
Lake a. .953 .977 .925 .958 .928 .981 .911 .779 
Water RL' 
lb o2/hp/hr . 55 7 .619 .557 .620 4.81 5.60 4.89 6.03 
Transf er 
Eff . , % 8.32 9.25 8.31 9.35 7.80 9. 0 8 7.90 9.70 
CD ,mg/1 9.1 42.1 
s 0. 9 8 8 0.967 
KLa ( 25°C ), 
Frisco hr-1 2.30 2 .44 2.3 4 2.61 1.26 1.57 1 . 46 1. 74 
Pond a. .715 .700 .704 . 730 .8 29 . 8 53 .930 . 770 
Water RL, 
lb o2 /hp/hr .417 .445 .424 .474 4. 2 5 5.29 4.9 2 5. 8 7 
Trans f er 
rEff . '% 6.23 6. 22 6. 3 5 7. 11 6 .8 5 8.50 7.90 9.45 
Note : ps1 x 0 . 0 703 = kg/sq em; c f h x 1.7 = cu m/hr; 
hp x 0 .746 = kw; lb o2/ hp/hr x 0 . 6088 = kg o2/kw/hr 
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Table III (Continued). Summary of t h e Results o f the oxygen 
Transfer Studies a t 20° C 
D1ffuser Spher 1cal Stone D1ffu s er 
Test Set 3 4 
Oxygen Source A1r Pur e Oxygen 
Gauge Pressure,ps1 6 3 . 5 
Gas Flow Rate,cfh 3.76 1.58 
Power of D1ffuser 
System, l 0- 3 hp - 1 . .8 3 .. 0 . 446 
Depth from Water 
Level,ft 0 2 4 6 0 2 4 
C~,mg/1 9. 2 4 3. 3 
K1a(25°C), 
Rolla hr -1 3. 7 6 4.47 3 . 6 5 3.97 0.88 1 . 2 6 0 .79 
Ta p Rc, 
Water 
lb o2/hp/ hr 1 . 40 1. 67 1.36 1 .51 6.3 2 9.0 6 5.69 
Tr ansfer 
Eff . , % 9. 5 7 11. 4 8.9 2 10 . 1 8. 99 12. 9 8. 10 
CD,mg/1 9. 1 42 . 7 
s 0.988 0.985 
K1a (25°C), 
Bray' s hr-1 3 . 6 7 3.97 3 .08 3 .58 0 .64 1 . 24 0. 66 
Lake a. . 9 76 . 888 .84 4 . 902 . 727 . 9 84 . 835 
Water RL' 
lb o2/hp /hr .610 .6 60 .51 3 . 5 98 4.00 7.77 4 . 14 
Tran sfer 
Eff . , % 8 .86 1 0.0 7.80 9 .00 6.42 12 . 5 6.65 
CD,mg/1 9. 1 42. 0 
s 0 . 988 0 .97 0 
K1 a ( 2 5° C), 
Frisco ~r-1 2 . 70 2. 8 6 2.56 2.9 0 0.83 1.16 0 . 83 
Pond a. . 71 8 . 64 0 .701 . 73 0 . 943 . 921 1.05 
Water RL ' 
lb o2/hp/hr .450 .476 . 426 . 483 5.10 7.14 5.12 
Transfer 
Eff. , % 6.81 7.20 6.42 7~30 8.21 11.5 8. 21 
Note: Sl X 0 . 07 03 = k ,s g q em; cfh x 1 . 7 = cu rn/hr· p 
hpx 0 .746 = kw; lb o2/hp/hr x 0.6 0 88 = 
6 
1 . 28 
9.2 0 
13 . l 
1 . 01 
. 789 
6 . 32 






Table III (Continued ). Summary of the Results of the Oxygen 
Transfer Studies at 20°C 
D1ffuser Ceram1c D1ffuser Type A 
Test Set 5 6 
Oxygen Source A1r Pure Oxygen 
Gauge Pressure,psi 15 12 
Gas Flow Rate,cfh 1.19 0.84 
Power of D1ffuser 
System,lo- 3 hp 1.47 0.806 
Depth from Water 
Level,ft 0 2 4 6 0 2 4 6 
C~,mg/1 9 . 2 43.0 
K1aC25°C), 
Rolla h r -1 6.05 6.36 5. 3 0 6.05 2. 6 7 2.9 4 2.77 3.08 
Tap R 
c' Water 
lb o2/hp/hr 2.82 2.97 2.47 2.82 10.6 11.6 11.0 12 . 2 
Transfer 
Eff. , % 20.6 20.1 16.8 19.1 14.8 16.4 15.4 17 .2 
CD,mg/1 9 . 2 41.6 
f3 1.0 0.967 
K1a C25°C ), 
Bray's hr -1 5.92 6 . 1 8 5.04 5.87 2.08 2 . 23 2.14 2 .09 
Lake a .979 . 9 7 2 .951 .9 70 .779 . 7 59 .773 .679 
Water RL, 
lb 0 2/hp/hr 1.27 1.32 1.08 1.26 7.0 2 7.53 7.22 7.05 
Transfer 
Eff. , % 18.7 19.5 16.0 18.6 11.2 12.0 11.5 11.2 
CD ,mg/1 9.1 41.5 
s 0.988 0.964 
K1 a ( 2 5° C), 
Frisco hr-1 5.70 6.08 5.23 5.88 1.76 1.86 1. 91 1.99 
Pond a .942 .956 .987 .972 .659 .633 .690 .646 
Water RL, 
lb o2/hp/hr 1.19 1.27 1.09 1. 23 5.92 6 . 26 6 .4 3 6 . 69 
Transfer 
Eff. , % 17.8 19.0 16.3 18.4 9.48 9 . 81 9 . 89 9 . 92 
Note: Sl X 0.070 3 - k s em; cfh x 1 . 7 - cu m/hr · p g q ' 
hp x 0.74 6 = kw; lb o2/hp /hr x 0.6088 = kg o2/kw/hr 
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Table III (Continued). Summary of the Results of the Oxygen 
Transfer Studies at 2 0 ° C 
D1ffuser · · Ceram1c D1ffuser Type B 
Test Set 7 ..... 8 
Oxygen Source A1r Pure Oxygen 
Gauge Pressure,psl 30 20 
Gas Flow Rate,cfh 0.88 0.19 
Power of Diffuser 
System,l0- 3 hp 2.14 0.302 
Depth from Water 
Level,ft 0 2 4 6 0 2 4 6 
C~,mg/1 9.2 4 3.1 
K1aC25°C), 
Rolla hr-1 10.5 10.9 9.92 9.90 1.23 1.54 1.00 1.34 
Tap Rc' 
Water 
lb o2/hp/hr 3.36 3.46 3.17 3.16 13.0 16.3 10.6 14.2 
Transfer 
Eff. , % 22.6 23.4 21.4 21.3 18.1 22.6 14.7 19.7 
CD,mg/1 9.2 42.8 
13 1.0 0.992 
K1a(25°C), 
Bray's hr -1 9.78 10.6 9.08 9.66 1.10 1.12 1.09 1 .17 
Lake a .928 .979 .915 .976 .894 .727 1.09 .873 
Water RL, 
lb o2/hp/hr 1.42 1.56 1.34 1.41 10.2 10 .4 10.1 10 .8 
Transfer 
Eff. , % 21 . 2 22 .9 19.6 20 .9 16 .0 16.4 16 .0 17 .1 
CD,mg/1 9.1 4 2 .8 
13 0.988 0.992 
K1 a ( 2 5°C), 
Frisco hr-1 8.90 9.85 9 .08 8.53 1.09 0.92 0.88 0. 7 3 
Pond a .844 .908 .915 .86 2 . 8 86 .597 .880 .544 
Water R L' 
lb o2/hp/hr 1.27 1.41 1 .30 1.22 1 0.1 8. 52 8.16 6. 76 
Transfer 
Eff .• % 18.9 21.0 19.4 1 8.2 16.0 13 .4 1 2 .8 10 . 7 
Note: p s1 x 0.0703 = kg/sq em; cfh x 1.7 - cu m/hr; 
hp x 0.746 = kw; lb o2/hp/hr x 0.6088 = k g o2/kw/ hr 
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procedure outlined in Sections A and B of this chapter 
except that the oxygen saturation values and the power of the 
diffuser systems were corrected to l3°C instead of 20°C 
using the tables in Appendix B. The volume of the water 
involved in the hypolimnion layer was estimated from a 
topographic map to be approximately 52.5 mil gal 
(1.98 x 105 cum). The corresponding oxygen depletion 
rate was estimated to be 1.30 lb/hr (0.592 kg/hr). The 
power requirement was the quotient of the oxygen depletion 
rate divided by average oxygen transfer rate obtained in 
the aeration study. These data were then used to determi ne 
the number of diffusers required for the hypolimnion aera-
tion of Bray's Lake, as shown in Table IV; this figure was 
determined by dividing the power requirement of the hypolim-
nion by the power supplied by the diffuser. A sample 
calculation for Table IV is given in Appendix A-3. 
Table IV. Summary of Bray's Lake Hypolimnion Aeration Studies ( l 3°C) 
Type of Diffuser Cylindrical Spherical Ceramic 
Stone Stone Type A 
Gauge Pressure,psi 6 6 1.5 
Gas Flow Rate,cfh 3. 3 9 3.68 1.18 
Power of Diffuser System,l0- 3 hp 1.64 1.79 1.43 
Average Transfer Rate,lb o2/hp/hr 0.605 0.612 1.27 
Air 
Power Required,hp 2.150 2.120 1.020 
Number of Diffusers Required 
for Hypolimnion Aeration 1310 1184 713 
Oxygen Transfer Eff. , % 8.67 8.72 17.80 - . 
Gauge Pressure,psi 3. 8 3.5 12 
Gas Flow Rate,cfh 2.59 1.55 0.82 
Power of Diffuser System,l0- 3 hp 0.796 0.436 0 . . 78 7 
Average Transfer Rate,lb o2/hp/hr 5.33 5.58 7.18 
Pure 
Power Required,hp 0.244 0.233 0.181 
Oxygen 
Number of Diffusers Required 
for Hypolimnion Aeration 307 534 230 
Oxyg-en Transfer Eff. , % . 8. 44 8.76 Tl . 3"0 .. 
. Note: psl x 0.0703 - kg/sq em , cfh x 1 .7 
lb o2 / hp/hr x 0.6088 = kg 02/kw/hr 





















The objective of this research was primarily to 
investigate the rate of oxygen transfer in various water 
bodies and to determine the relative transfer efficiencies 
among different types of diffusers in order to evaluate the 
feasibility of hypolimnion aeration. 
A. WATER SAMPLE CHARACTERISTICS 
As shown in Table I, Bray 's Lake maintained a relative -
l y higher level of DO than Frisco Pond. The values of both 
BOD and COD for Frisco Pond water were greater than those 
for Bray's Lake water and Rolla tap water indicating that 
Frisco Pond was more polluted than Bray ' s Lake. The high 
SS levels found in Frisco Pond water were also attributed 
to pollution of the pond. Rolla tap water had b een 
c hlorinated; the 0.4 mg/1 BOD was, therefore, p r obably caused 
by sample contamination prior to incubation. 
Rolla tap water had the lowest total FS content among 
the 3 waters; its high total VS content was attributed to 
the high magnesium hardnes s 1n Rolla tap water. Magnesium 
carbonate may be decomposed at 35 0°C during igniting in 
muffle furnace ( 35 ). 
, 
B. OXYGEN TRANSFER RATE 
The oxygen transfer rate of a system may be influenced 
by many factors , including water q uality, bubble s1ze , 
oxygen source, and water depth . 
~ - Effect of Water Quality . 
Table V shows the average v a lues of the oxygen transfer 
Table V. Comparison of Oxygen Transfer Rates and 
Efficiencies at 209C 
Average Oxygen Average Oxygen 
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Transfer Rate Transfer Efficiency 
Water Type of ( 1b o2/hp/hr) (percent) 
Sample Diffuser 
Pure Pure 
Air Oxygen Air Oxygen 
Cyl1ndr1cal 
Stone 
Diffuser 1.38 7.09 9.35 9. 8 8 
Spher1cal 
Rolla Stone 
Tap Diffuser 1.49 7.57 10.0 10.6 
Water Ceram1 c 
Diffuser 
Typ_e A 2.77 11.3 19.1 16.0 
Ceram1c 
Diffuser 
Ty12_e B 3.29 13.5 2 2 . 3 18.8 
Cylindrical 
Stone 
Diffuser 0.588 5.33 8.81 8.60 
Spherlcal 
Bray's Stone 
Lake Diff us e r o.595 5 . 56 8.90 8.94 
Wa ter Ce raml c 
Diffuser 
Type A 1.23 7.21 18. 2 11.5 
Ceramlc 
Diffuser 
Type B 1 .4 3 1 0.4 21.2 1 6.4 
Cy l1ndr1c al 
St o n e 
Dif fuser 0.440 5.08 6.60 8.19 
Spher1ca l 
Fri sco Stone 
Pond Diffu ser 0.4 59 6 .0 3 6. 9 0 9.7 0 
Water Ceramic 
Dif f u ser 
T_y_12_e A 1. 1 9 6 . 33 17 .8 9.8 7 
Ceram1c 
Diffu ser 
Type B l . 30 8. 39 19 .4 1 3. 2 
Note : lb o2/ hp /hr x 0 . 608 8 = kg o2/kw/hr 
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rate and oxygen transfer efficiency in di fferent tests a t 
20°C. Each set of results has shown, as expec t ed, a high er 
oxygen transfer rate in Rolla tap water than i n selected 
lake waters. The values of the oxy gen trans f e r rate 
decreased 1n the following order: 
Rolla tap water > Bray's Lake water > Frisco Po nd water; 
however, the quantities of BOD, COD, as well a s SS decr eas ed 
in the rever s e order . The re s ult s i ndicated that the 
decreas e in oxygen tran sfer rate ma y have b een c au s ed by t he 
pollution level of the water. Although the chemical 
c omposit i on o f the co n t a minants i n t h e lake wa t ers was not 
ana lyzed , a trace amount o f oil, whi c h l S a type o f s u r f a c e -
activ e material, wa s found i n each lake water s ample. The 
s urf ace-active ma t e rial s might hav e f o rme d a fi lm at the 
i nterface of water and gas phases a nd thus hav e p r evented 
gas molecule di ffusion. Downing et al. (1 3) have report ed 
t hat the pre s ence of cont aminant s i n water wou l d re du c e 
oxygen abs orption b ecause the ab i l i ty o f t h e ga s mo l e c u le 
to penetrate the interfacial surfa ce was changed. 
2. Effect o f Bubble Size . 
The bubble s i ze created b y both cy l indrical a nd s pheri -
cal s tone di f fu s ers was not meas ured; howev e r , vi s i bl e 
compar i s on s indicated t hat they p ro duced muc h l arger b ubble s 
than t h e c e r a mi c d i f f u ser s . It wa s al s o k n own ( Chapter I II , 
Se ction D) that c eramic d i ff u s er type B gener a t e d t he fines t 
bubble s s ince it s pore size wa s the smalle s t t e s ted . As 
s hown in Table V, the oxygen t ran sfer rate s o f the cera mi c 
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diffusers, for both a1r and pure oxygen, were greater than 
those of the stone diffusers; the ceramic diffuser type B 
effected the highest oxygen transfer rate, while the 
cylindrical stone diffuser induced the lowest. This finding 
confirmed the conclusions reported by Ippen and Carver (17), 
as well as Speece (19), that the smaller the bubble size, 
all other factors remaining constant, the greater the oxygen 
absorption rate in water. 
3. Effect of Oxygen Source. 
For each type of diffuser, pure oxygen presented a 
relatively higher oxygen transfer rate than a1r. The oxygen 
transfer rate for pure oxygen was found to be 4 to 13 times 
of that for air when the same diffuser and water sample were 
used. This result was due to the difference in driving 
force of d iffusion between pure oxygen and air; as me nt ione d 
in Chapter II, pure oxygen has a higher driving force for 
oxygen transfer than air. 
4. Effect of Water Depth. 
The effect of depth on oxygen transfer rate was ob-
served from the result s presented in Tabl e III . For those 
tests using ceramic diffusers as t he aerators a nd utilizing 
pure oxygen as the oxygen source, the oxygen transfer rate 
increased with increasing depth from the water s urface . 
The results a l so indicate d that the maximum rate of oxygen 
transfer by each type of diffuser was at the depth near the 
diffuser. These results were in agreement with the con-
c lusions reported by Ippen a nd Carver (16). The oxyge n 
transfer rate, however, at a depth of 4 ft (1.22 m) was 
slightly lower than that at 2 ft (0. 61 m). A possible 
reason for this phenomenon was non-heterogeneous distri-
bution of undissolved sodium sulfite around the depth of 
4ft (1.22 m). 
C. OXYGEN TRANSFER EFFICIENCY 
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The oxygen transfer efficiency of each di f fuser v aried 
mainly with the qual i t y of water to be aerate d, the type 
of diffuser to be used, and the oxygen source to be 
utilized. 
1. Effect of Water Quality . 
The contaminants in water produced e ffects on oxygen 
transfer efficiency similar to thos e o b s erved with oxygen 
tran sfer rate . Oxygen transfer efficiency 1n Table V 
decreased in the fo llowing order : 
Rolla tap water > Bray ' s Lake water > Fris co Po nd water . 
Sinc e Frisco Pond water was k n own to be more po lluted than 
Bray' s Lake water, i t i s , there fo r e, apparen t t h a t the 
presence of contaminants in a water coul d reduce t h e oxygen 
transfer efficiency in that water. 
2. Effe ct of Diffu ser Type. 
The results in Table V indicat e d that ceramlc diffuser 
type B possesed the best oxygen trans f er e ffici ency 
characteri s tics among the diffu sers te s t e d . Th is may b e 
attributed to its pore size which was the smallest tested. 
The relative oxygen transfer efficiency decreased i n the 
following manner : 
ceramlc diffuser type B > ceram1c diffuser type A > 
spherical stone diffuser > cylindrical stone diffuser. 
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The reason why the spherical stone diffuser was more 
efficient than the cylindrical stone diffuser was thought to 
be due to the shape difference between the two diffusers. 
The small gas bubbles dispersed from the side wall of 
cylindrical stone diffuser might coalesce together and 
become larger bubbles before rising. The formation of large 
bubbles reduced the oxygen absorption. 
3. Effect of Oxygen Source. 
For aeration by means of stone diffusers, higher oxygen 
transfer efficiencies resulted when pure oxygen was used 
instead of a1r. This result is in agreement with the 
conclusion made by Ippen and Carver (17), as well as Speece 
(19), that pure oxygen is more efficient than air. 
The oxygen transfer efficiencies of the ceramic dif-
fusers were approximately double those of the stone diffusers 
when air was used. However, when pure oxygen was used in-
stead of a1r, the desirability of the ceramic diffusers de -
creased. The ceram1c diffusers produced lower oxygen trans-
fer efficiencies when pure oxygen rather than air was used. 
One probable explanation for this occurrence is that the 
bubble size is more important for air than for pure oxygen 
from the standpoint of efficiency. The increase in a1r 
bubble surface due to the bubble size reduction by the 
ceramic diffusers may have made the oxygen molecules within 
the tiny air bubbles more easily absorbable. It also might 
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be that the operation of the ceramlc diffusers was not at 
optimum gas flow rates; Imhoff (20) has reported that there 
ls an optimum gas flow rate for each aeration system , wh ich 
could produce the best oxygen trans f er eff iciency . 
D. BRAY'S LAKE AERATION 
Hypolimnion aeration of Bray 's Lake may be accompl ished 
by installing a certain number of di f fusers on the bottom o f 
the lake and providing t hem wi th c ompres s ed alr o r p ure 
oxygen. 
As shown in Table IV, the di f ference in t h e number of 
di f fusers required between a lr a eration and pur e oxy gen 
aeration u s i n g s ton e diffusers wa s l arge; however, t h e 
difference was reduced in t he operation o f cer amlc di f -
f u sers . Although air is c h eaper t han p ure oxygen, no 
compressors woul d b e requ ired f or pure oxygen i f commercial 
oxygen wer e used. In add i tio n, t he power required for pure 
oxyg e n aeration is much l ess t h a n that for air aeration . 
Con s equ e ntly , aeration o f s mall l a k es u s i ng pure o xygen 
woul d a ppear t o b e f easible from t he v i e w poin t of power 
requirement s . 
The number of diffusers requir ed f o r hy po l i mn i on 
aer at ion of Bray ' s Lak e may be min imized if ceramic d iffuser 
t ype B we r e employed whe n a ir was us ed, or if cerami c dif-
f user typ e A we r e operated whe n pu re oxygen was utilized f or 
aeration. However , if p u r e oxygen were ut il ized f or 
aeration, t h e power required f or c e ramic di f fuser type A to 
maintai n a 5 mg / 1 oxygen l e ve l in the hypolimnion of the 
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lake would be greater than that for ceramlc diffuser t ype B; 
therefore, for a long period of operation, ceramic dif fuse r 
type B would seem to be more economical than ceramic 
diffuser type A. 
VI. CONCLUSIONS 
Based on the findings of this investigation the 
following conclusions can be made: 
1. The oxygen transfer rate and the oxygen transfer effi-
ciency decreased with the increasing quantities of BOD, 
COD, and SS in the waters in the following manner: 
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Rolla tap water > Bray's Lake water > Frisco Pond water. 
2. The oxygen transfer rate and efficiency decreased with 
the increasing bubble size in the following order: 
ceramic diffuser type B > ceramic diffuser type A > 
spherical stone diffuser > cylindrical stone dif f user. 
3. For a given type of diffuser, a higher oxygen transfer 
rate would be generated if pure oxygen were used instead 
of air for aeration. 
4. The oxygen transfer efficiency of a diffuser usln g pure 
oxygen is not necessarily greater than that using air. 
For aeration by means of stone diffusers, pure oxygen is 
more efficient than air, but opposite results were ob-
tained when the very fine pored ceramic diffusers were 
tested. 
5. For a given aeration system, the maxlmum rate of oxygen 
absorption is at the depth near the diffuser (maximum 
water depth). 
6. Ceramic di ffuser type B ls the best diffuser for the 
hypolimnion aeration of Bray's Lake because the number of 
diffusers required~s the lowest. 
\ 
VII. RECOMMENDATIONS FOR FUTURE STUDY 
Based on the findings and experience obtained ln this 
research, the following recommendations for future studies 
were made: 
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l. Evaluate the effect of diffuser configuration on oxygen 
transfer uslng diffusers with different shapes but simi-
lar materials. 
2. Ascertain the optimum gas flow rate for each type of 
diffuser in order to determine the optimum oxygen trans-
fer efficiency. 
3. Perfo rm experiment s on Bray ' s Lake to compare laboratory 
experimental results with actual field operatin g data. 
The i nformation from this study can then be u sed t o 
completely evaluate the capital and operating cos ts o f 
hypo limnion aeration. 
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APPENDIX A 
SAMPLE CALCULATIONS USED TO 
EVALUATE THE AERATION DEVICES 
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APPENDIX A-1. OXYGEN TRANSFER RATE 
In order to calculate the oxygen transfer rate ln 
Bray's Lake water utilizing a cylindrical stone diffuser and 
alr, the following steps were employed: 
l. Equation [6] was used to compute KLa at 25°C. 
For Rolla tap water at zero depth, D1 = 10 mg / 1; 
D2 = 1.2 mg/1; t} = 25 mln; t' = 65 min (Figure 10) 2 
Thus, KLa = 138 log (10 / 1.2)/(65 - 25) = 3.22 hr- 1 
-1 In alike manner·, K a= 3.07 hr was obtained for L 
Bray's Lake water at zero depth (Figure 10). 
2. Equation [7] was used to compute a. 
KLa (Bray's Lake water) = 3.07 hr- 1 ; 
KLa (Rolla tap water) = 3.22 hr-1 (Table III) 
Thus, a= 3.07/3.22 = 0.95 
3. Equation [8] was used to compute s. 
CD (Bray's Lake water) = 8.3 mg / 1; 
C' (Rolla tap water) = 8.4 mg / 1 (Table III) 
s 
Thus, S = 8.3/8.4 = 0.988 
4. Equation [10] was used to compute P at 20°C. 
p = 6 psi; Q = 3.47 cfh (Table III) 
Thus, P = 7.27 x 10- 5 (6 x 3.47/0.90) 
= 1.68 X 10- 3 hp 
5. Equation [9] was then used to compute R at 20°C for 
c 
Rolla tap water. 
-1 K a = 3.22 hr ; C' = 9.2 mg/1; L s At zero depth, 
c. = 0 mg/1; W 
l 
= 8.34 x 10- 5 mil lb; T = 25°C; 
P = 1.68 x 10- 3 hp (Table III) 
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Thus, R = (3.22) (9.2 - 0) (8.34 x 10- 5/1.68 x 10-3) 
c 
(1.024)(20 - 25) 
= 1.31 1b o2/hp/hr 
6. Equation [11] was then used to compute R1 at 20°C 
for Bray's Lake. 
At zero depth, Rc = 1.31 lb o2/hp/hr; CD= 9.1 mg / 1; 
S = 0.988; CR = 5 mg/1; TD= 20°C; a = 0.953; 
C' = 9.2 mg/1 (Table III ) 
s 
Thus, RL = (1.31/9.2) (9.1 x 0.988 - 5) 
(1.024)( 2 0- 20 ) (0.953) 
= 0.557 lb o2/hp/hr 
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APPENDIX A-2. OXYGEN TRANSFE R EFFICIENCY 
In order to compute the oxygeri transfer efficiency 1n 
Rolla tap water utilizing a cylindrical stone diffuser and 
a1r, the following steps were employed: 
1. To compute den s ity of a1r at 20°C and 6 ps 1 u s 1ng 
equation [16]. 
d = 0.0808 lb/cu ft f or a1r; Pb = 6 ps1; 
Tf = 460 + ( 20 X t + 32 ) = 528°R 
Thus, d' = 0.0808 (6 / 14.7) (49 2/528) 
= 3.07 x 10~ 2 lb/cu ft 
2 . Equation [15] uas then used to compute W at 20°C . 
s 
d' = 3.07 x 10- 2 lb/cu f t; Q = 3 .47 cfh; y = 23 . 2% 
for a1r (Table III) 
Thus, W = 3.47 x 3 .07 x 10- 2 x 23.2% 
s 
= 2.4 8 x 10- 2 lb o2/hr 
3. Equation [14] was used to compute WA at 20°C. 
At zero depth, K1a = 3.22 hr-1 ; Ci = 0 mg/1; 
Cs = 9.2 mg/1; W = 8.34 x 10- 5 mil lb; TD = 20°C; 
T = 25°C (Table III) 
Thus, WA = 3.22 (9. 2 - 0) (8.34 x 10- 5 ) 
(1.0 24 )( 20 - 25 ) 
= 2.19 x 10- 3 lb o2/hr 
4. Equation [12] was then u sed t o comp ute oxygen 
transfer efficiency at 20° C. 
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oxygen t ransfer e f ficiency - 2 .19 x 10- 3 /2 .48 x 10- 2 
= 8.86% 
APPENDIX A-3. AERATION OF BRAY'S LAKE 
1. Equation [11] was used to compute RL at l3°C for 
Bray's Lake. 
For Rolla tap water uslng a cylindrical di ffuser and 
air, Rc (avg) = 1.38 lb o2/hp/hr (Table V) 
And for Bray's Lake water, B = 0.988; a= 0.953; 
CR = 5 mg/1; C~ = 9.2 mg/1 (Table III); TD = l3°C; 
CD= 10.7 mg/1 (Table B-I, Appendix B) 
Thus, RL = (1.38/9.2) (10.7 x 0.988- 5) 
(1.024)( 13 - 20 ) (0.953) 
= 0.605 lb o2/hp/hr 
2 . Determination o f the number of cylindrical diffusers 
required f or the hy polimnion aeration of Bray ' s Lake 
when air was us ed (l3°C). 
Sur f a c e a rea o f hypo l i mnio n layer = 4. 38 x 105 
sq ft (Topographic map) 
Average th ickness o f h ypolimnion l ayer = 16 ft (5) 
Vo lume o f hy po l i mnio n layer= (4.38 x 10 5 ) (1 6 ) 
cu ft 
= 52 .5 mil gal 
Oxyg e n depletion r ate = 0.5 mg / 1/wk 
- (0.5/7 x 24) mg/1 / hr 
- (0.5 X 8.34 X 52 . 5 / 7 X 24) 
l b /hr 
= 1.30 lb / hr 
Averag e oxy gen transfer r a te = 0.605 lb o2 / hp/hr 
(Ta ble I V) 
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Power required = 1.30/0.605 = 2.150 hp 
Power of one diffuser system = 1.64 x 10-3 h p 
Number of diffusers required = 2.10/1.64 x 10-3 
= 1310 
3. Equation [12], [14], [15], and [16] were used to 
compute oxygen transfer efficiency at l3°C us ing a 
cylindrical diffuser and air. 
At zero depth, KLa = 3.07 hr- 1 ; CD= 10.7 mg/1; 
Ci = 0 mg/1; TD = l3°C; T = 25°C; 
Tf = 460 + (13 X~+ 32) = 515.4°R 
5 
Thus, WA = 3.07 (10.7 0) (8.34 x 10- 5 ) 
(1.024)(13 - 25) 
= 2.15 x 10- 3 lb o2/hr 
w = 0.0808 (6 /14 .7) (49 2/ 515.4) ( 3 . 39 ) 
s 
(23. 2% ) 
= 2.48 x 10-2 lb o2/hr 




CORRECTION TABLES FOR OXYGEN SATURATION VALUES AND 
POWER OF DIFFUSER SYSTEMS AT VARIOUS TEMPERATURES 
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Table B-I. Oxygen Saturation Values under Various Situations 
Oxygen· Sat·ur·atlon Value ·c:mg I 1) ,: 
Oxygen Water Temp. Cylindrical Spherical Ceramic Ceramic 
Source Body ( o C) Stone Stone Diffuser Diffuser 
Diffuser Diffuser Type A Type B 
Rolla 25 8.4 8.4 8.4 8.4 
Tap 
Water 20 9. 2 9.2 9. 2 9 . 2 
Bray's 25 8. 3 8. 3 8.4 8.4 
Air Lake 20 9.1 9.1 9. 2 9 . 2 
Water 13 10.6 10.6 10.7 10.7 
Frisco 25 8. 3 8 . 3 8.3 8. 3 
Pond 
Water 20 9.1 9.1 9.1 9.1 
Rolla 25 3 9. 6 39.4 39.1 39.2 
Tap 
Water 20 43.6 43.3 43.0 4 3.1 
Pure Bray 's 25 3 8. 8 38.8 3 7. 8 38.9 
Oxygen Lake 20 4 2.7 42.7 41.6 42.8 
Water 13 49.3 49 . 3 48.1 49.5 
Frisco 25 3 8. 3 38.2 37 .7 38.9 
Pond 
Water 20 42.1 42.0 41.5 42.8 
* The solubility of oxygen in water may be calculated b y 
the following equation (32, p.479): 
DO ( mg/ l ) = ( P - u) X 0.678 35 + t 
where P = barometric pressure, mm Hg 
t = temperature , °C 
[ 17 ] 
u = saturated vapor pressure for the g1ven t , 
mm Hg 
= 23.756 mm Hg at 25°C; 17. 535 mm Hg at 20°C 
11. 23 1 mm Hg at l3°C ( 34) 
DO in Rolla tap water using cylindrical stone diffuser and 
a1r 1s: 
8 .4 = ( P - 23 .7 56 ) 35 + 
(P- 17.5 35 ) 
35 + 
X 0.67 8 
25 
X 0.67 8 
20 
Solving equation s [18] a nd [19], thus c20 = 9.2 mg/1 
[ 1 8 ] 
[19] 
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Table B-II. Power of Diffuser Systems at Various 
Temperatures 
Cyllndrlcal Spherlcal Ceramlc Ceramlc 
Oxygen Physical Stone Stone Diffuser Diffuser 
Source Conditions Diffuser Diffuser Type A Tvpe B 
Gauge 
Pressure, 
psl 6 6 15 30 
Gas 
Flow 25°C 3. 53 3.83 1.23 0.90 
Air Rate ,':, 20°C 3.47 3 . 7 6 1.19 0.88 
cfh l3°C 3. 3 9 3.68 1.18 0.86 
Power 
of Dif -
fuser 25°C 1.71 1.86 1.49 2.18 
System, 2 0°C 1.6 8 1 .83 1.47 2.14 
10- 3 hp l3°C 1.64 1.79 1 .43 2 .09 
Gauge 
Pressure, 
psl 3 . 8 3 . 5 12 20 
Gas 
Pure Flow 25° c 2.70 1.61 0.85 0. 1 9 
Oxygen Rate ~':, 20°C 2.65 1.58 0.84 0.19 
cfh l3°C 2. 59 1.55 0. 8 2 0.18 
Power 
of Dif -
f user 25° c 0. 8 2 9 0.454 0.820 0.307 
System, 20°C 0.815 0.446 0.806 0.302 
10- 3 hp l3°C 0.796 0.436 0.787 0. 2 95 
. 
-
em · cfh X 1 . 7 = cu m7h . Note. psl x 0 .0703 kg/sq r, 
h p x 0 • 7 4 6 = kw 
*Charles ' law (30 ) : v1 1v2 = T1/T2 at constant pressure [20] 
where T1 , T2 = absolute t e mperature 
[Example] At 
T2 
v 1 , v 2 = volume o f a gas at temperatures T1 , 
and T2 , respectively 
p 
= 6 psl, vl = 3.53 cfh, Tl = 2 5°C = 537°R, 
= 20°C = 528°R, v2 = ? 
Thus, v2 = vl (T2/Tl) = 3. 53 (528/537) = 3.47 cfh 
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APPENDIX C 
AERATION STUDIES - RAW DATA 
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--·~ ,•: BLW 









. Gas Flow 
Rate,cfh 3. 53 
Oxygen 
Saturation 
Value ,mg/ 1 
RTW )': 8 .4 
BLW~~~·~ 8. 3 
FPW ~": -,': -:,': 8. 3 
Tempera-
ture,°C 2 5 
Gauge 
Pres sure , 
psl 3 . 8 
Gas Flow 
Rate,cf h 2 .7 0 
Oxygen 
Saturation 
Value, mg /1 
RTW~': 39 .6 
BLW~'d~ 38.8 




Rolla Tap Water 
Bray ' s Lake Water 
Frisco Pond Water 
Spherical Ceramic Ceramic 
Stone Diffuser Diffuser 
Diffus er Type A Type B 
25 25 25 
6 15 30 
3 .8 3 1 . 23 0.90 
8 .4 8. 4 8 . 4 
8. 3 8.4 8. 4 
8 . 3 8. 3 8. 3 
25 25 25 
3 . 5 12 20 
1 . 61 0 .8 5 0.19 
39.4 39.1 39 . 2 
3 8. 8 37.8 3 8.9 
3 8. 2 37 .7 38.9 
Table C-II. Oxygen Transfer Using a Cylindrical 
. Stone Diffuser and Air 
Depth from Water Surface,· 
0 2 
Water Time 
Sample m1n CT 
.•. 
.. DT ;': ~·: CT ·l: DT -;~ ~·: 
:rrtg/1 mg/1 mg/1 mg/1 
5 0 - 0 -
10 0 - 0 -
15 0 - 0 -
20 0 - 0 -
Rolla 25 0 - 0.9 7. 5 
Tap 30 1.0 7.4 2. 6 5.8 
Water 35 2. 5 5 . 9 4. 3 4.1 
40 3. 5 4.9 5.1 3. 3 
45 5.1 3 . 3 5 . 9 2. 5 
50 5.8 2. 6 6.4 2. 0 
55 6.4 2 .0 7.1 1.3 
5 0 - 0 -
10 0 - 0 -
15 0 - 0 -
20 0 - 0 -
Bray ' s 25 0 - 0.3 8. 0 
Lake 30 0. 9 7.4 2 . 5 5 . 8 
Water 35 2 . 3 6.0 3 . 9 4.4 
40 3. 7 4.6 5 . 0 3. 3 
45 4.4 3 . 9 5 .8 2 . 5 
50 5 . 6 2 . 7 6 . 5 1.8 
55 6 . 2 2 .1 6.8 1.5 
5 0 - 0 -
10 0 - 0 -
15 0 - 0 -
20 0 - 0 -
Frisco 25 0 - 0. 5 7. 8 
Pond 30 0.4 7 . 9 2 . 0 6. 3 
Water 35 1. 3 7 . 0 3 . 0 5. 3 
40 2 . 7 5 . 6 4.1 4. 2 
4 5 3 . 6 4.7 4.9 3 . 4 
50 4.8 3 . 5 5. 5 2 . 8 
55 5. 2 3 .1 6 . 0 2 . 3 
* CT = DO at time t 
**D = oxygen deficit at time t 
T 
4 





1.1 7. 3 
2 . 2 6.2 
3.4 5.0 
5 . 1 3. 3 
5.4 3 . 0 
6.3 2 .1 






1.5 6 . 8 
2. 9 5.4 
3 . 8 4.5 
5.2 3.1 
5 . 7 2 . 6 
6. 3 2 . 0 





1.1 7. 2 
2 . 2 6.1 
3. 6 4.7 
4. 2 4.1 
4.9 3 .4 
5 . 6 2 . 7 
6 .1 2 . 2 
ft 































5 . 1 
5 . 7 
6 . 1 
6 . 5 
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2 . 3 
1.5 





7 . 0 
5.2 
4.0 
3 . 0 
2 .4 
1.7 
1 . 2 




7 . 7 
6. 2 
5. 2 
3 . 9 
3 . 2 
2 . 6 
2 . 2 
1.8 
Table C-III. Oxygen Transfer Us ing a Spherical 
Stone Diffus e r a nd Ai r 
Depth . from: Water Surf ace, · 
0 2 
Water Time 
Sampl e mln CT ;"¢ DT ;'( -1: c ·'· DT ;': -1: " T 
mg/1 mg/ 1 mg/1 mg/ 1 
5 0 - 0 -
10 0 - 0 -
1 5 0 - 0 -
20 0 - 0 -
Rolla 2 5 0 - 0. 2 8. 2 
Tap 30 0 . 7 7. 7 1 .9 6 . 5 
Water 35 2. 7 5.7 3 . 8 4. 6 
40 4 . 0 4.4 5 . 2 3 . 2 
45 5 . 2 3 . 2 6.1 2 . 3 
50 6.2 2 . 2 7.0 1 . 4 
55 6 . 8 1. 6 7.4 1 .0 
5 0 - 0 -
1 0 0 - 0 -
15 0 - 0 -
20 0 - 0 -
Bray's 25 0 - 0 -
Lake 30 0 - 0.3 8 . 0 
Water 35 1 .1 7. 2 2 . 3 6. 0 
40 3 . 1 5 . 2 3 . 9 4 . 4 
45 4. 3 4 .0 4 . 8 3 . 5 
50 5.4 2 . 9 6 . 2 2 .1 
55 6.2 2. 1 6 . 7 1 . 6 
5 0 - 0 -
10 0 - 0 -
15 0 - 0 -
20 0 - 0 -
Fr isco 25 0 - 0 -
Pon d 30 0 - 0.9 7.4 
Water 35 1.1 7. 2 2 . 3 6 . 0 
40 2 . 6 5 . 7 3. 6 4.7 
45 3 .8 4 . 5 4 . 6 3 . 7 
50 4. 6 3 . 7 5 .4 2 . 9 
55 5 .4 2 . 9 6 . 0 2 . 3 
* C = DO at time t 
**DT = oxygen deficit at time t T 
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0. 9 7 . 5 
2 .5 5 . 9 
3. 7 4.7 
4.9 3.5 
5 .9 2 . 5 
6 . 8 1 . 6 





0. 3 8 . 0 
1 .6 6 . 7 
3 . 1 5 . 2 
4 . 1 4 . 2 
5 . 2 3 .1 
5 . 9 2 . 4 






1 . 3 7 . 0 
2 . 5 5 . 8 
3 .4 4.9 
4. 4 3 . 9 
5 . 2 3 . 1 
5 . 7 2 . 6 
ft 





0 . 2 
1.8 
3. 3 
5 . 2 
6 . 0 
6. 5 
7 . 2 






2 . 2 
4. 1 
5 . 3 
6 . 2 
6 . 6 





0 . 5 
1 . 6 
2 . 9 
4 . 3 
5 . 0 









8 . 2 
6 . 6 
5 . 1 
3 . 2 
2 . 4 
1 .9 
1.2 





7 . 6 
6 .1 
4 . 2 
3 . 0 
2 . 1 







6 . 7 
5 .4 
4 . 0 
3 . 3 
2 . 5 
1 . 9 
8 7 
Table C-IV. Oxygen Transfer Using a Ceramic Diffuser 
Type A and Air 
Depth from Water Surface, f t 
0 2 4 6 
Water Time 
Sample mln CT ~~ DT ·'· ·'· CT o;,': DT o;,': o;,': c ... D ·'· ·'· c ... DT ·'· ·'· ...... " .. ... .. "" " ..... "" T T T 
mg/1 mg/1 mg/1 mg/1 mg/ 1 mg/1 mg/l mg / l 
5 0 - 0 - 0 - 0 -
10 0 - 0 - 0 - 0 -
15 0 - 0 - 0 - 1. 2 7. 2 
20 0. 3 8.1 1.4 7. 0 2 .6 5. 8 4. 2 4. 2 
Rolla 25 3. 6 4.8 4.0 4.4 4.8 3.6 5 . 7 2 . 7 
Tap 30 5 . 5 2. 9 5.8 2 . 6 6.1 2 . 3 6 . 8 1. 6 
Water 35 6. 6 1.8 7.0 1.4 6. 9 1.5 7. 5 0. 9 
40 7.3 1.1 7. 5 0. 9 7.4 1 . 0 7 . 7 0 . 7 
45 7. 8 0.6 7 . 9 0. 5 7. 8 0.6 8 . 1 0.3 
5 0 - 0 - 0 - 0 -
10 0 - 0 - 0 - 0 -
15 0 - 0 - 0.6 7 . 8 2. 7 5 . 7 
20 1.3 7.1 2 . 2 6 . 2 3 . 9 4. 5 4.4 4.0 
Bray's 25 3 . 6 4. 8 5 .0 3 .4 5 . 5 2 . 9 6.2 2 . 2 
Lake 30 5.6 2 . 8 6 . 2 2 . 2 6. 3 2.1 7 . 2 1.2 
Water 35 6.9 1.5 7.1 1. 3 7. 0 1. 4 7. 5 0. 9 
40 7 .4 1.0 7 . 6 0. 8 7.5 0.1 7. 9 0. 5 
45 7 . 8 0.6 7. 9 0 . 5 8. 2 0. 6 8 . 0 0 . 4 
5 0 - 0 - 0 - 0 -
10 0 - 0 - 0 - 0 -
15 0 - 0 - 0 - 0 . 8 7 . 5 
20 0 . 8 7 . 5 1.6 6 . 7 2 .4 5.9 3 . 0 5 . 3 
Fris co 25 3 .4 4. 9 4 .1 4. 2 4.7 3 . 6 5 . 5 2 . 8 
Pond 30 5 . 7 2 . 6 5 . 9 2 . 4 6 . 0 2 . 3 6 . 7 1 . 6 
Water 35 6.7 1.6 6. 8 1. 5 6 . 8 1.5 7 . 2 1 . 1 
40 7.1 1. 2 7 . 5 0. 8 7 . 3 1. 0 7. 7 0 . 6 
45 7. 6 0 . 7 7 . 8 0. 5 7 . 7 0 . 6 7 . 9 0 .4 
- DO at time t 
= oxygen deficit at time t 
8 8 
Table C-V. Oxygen Transfer Using a Ceramic Diffuser 
Type B and Air 
Depth from Water Surface,· 
0 2 
Water Time 
Sample min CT ':,'¢ DT ~': '': CT <;': DT ~'o" . 
mg/1 mg/1 mg/1 mg/1 
5 0 - 0 -
10 0 - 0 -
Rolla 15 2 .0 6.4 4.4 4.0 
Tap 20 5. 6 2.8 6. 8 1. 6 
Water 25 7. 2 1.2 7.8 0. 6 
30 7. 9 0.5 8.1 0. 3 
35 8. 2 0. 2 8.3 0.1 
5 0 - 0 -
1 0 0 - 0 -
Bray ' s 15 0. 8 7.6 2 . 0 6.4 
Lake 20 4.9 3. 5 5.4 3. 0 
Water 25 6. 9 1.5 7.4 1.0 
30 7 . 7 0. 7 7. 9 0. 5 
35 8.1 0. 3 8. 2 0. 2 
5 0 - 0 -
10 0 - 0 -
Frisco 15 1.8 6. 5 3 .1 5.2 
Pond 20 5. 2 3.1 6. 0 2 . 3 
Water 25 6.9 1.4 7 . 3 1.0 
30 7. 6 0.7 7 . 8 0. 5 
35 8.0 0. 3 8 .1 0. 2 
* C = DO at time t 
**DT = oxygen deficit at time t 
T 
4 
CT '': DT '': ,•: 
mg/1 mg/1 
0 -
0 .4 8.0 
4.9 3.5 
7.0 1.4 
7. 7 0.7 
8.1 0.3 
8. 3 0. 1 
0 -
0 -
4.1 4. 3 
6.4 2 .0 
7.5 0. 9 
7. 9 0.5 
8 . 2 0.2 
0 -
0. 2 8.1 
4. 5 3 . 9 
6.4 1.9 
7.4 0. 9 
7 . 9 0.4 
8.1 0. 2 
ft" 
6 
CT ·'· <> DT ·'· ·'· ·" ... 
mg / 1 mg/1 
0 -
3 . 5 4 .9 
6. 2 2 . 2 
7. 5 0 . 9 





5. 2 3. 2 
6. 9 1.5 
7. 7 0. 7 
8.1 0. 3 
8. 3 0.1 
2. 8 5 . 5 
5 . 3 3 . 0 
7. 2 1 . 1 
7 . 6 0. 7 
8. 0 0. 3 
8.1 0 . 2 
8. 3 0 
Table C-VI. Oxygen Transfer Using a Cylindrical 
Stone Diffuser and Pure Oxygen 
Depth from Water· 'Su'rf·ac·e , ft 
0 2 4 
Water Time 
Sample mln c ~·~ D ;': ~·: c ,·~ D ·l: ,,( c ~·: D ~·: ~·, c ~·, 
T T T T T T T 
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
5 2 . 0 37.6 1.6 3 8. 0 4. 5 35 . 1 6. 0 
10 5.1 34.5 7.1 3 2. 5 7.7 31.9 10.8 
15 11.5 28.1 11.0 2 8. 6 13.9 25.7 17.1 
20 14 . 2 25.4 15.4 24.2 15.7 23.9 20.4 
Rolla 25 16.4 23.2 18.9 20.7 16.9 22.7 23.6 
Tap 30 19.6 20.0 22.0 17.6 21.6 18.0 26.4 
Water 35 22.6 17.0 24.2 15.4 24.6 15.0 28.6 
40 23.8 15.8 26.9 12 . 7 25.6 14.0 30.2 
45 26.4 13.2 28.4 11.2 2 7. 3 12.3 31.6 
50 27.6 12.0 29.6 10.0 28.6 11.0 33.4 
55 28.7 10.9 31.7 7. 9 30.1 9. 5 34.4 
5 0 - 1.6 3 7. 2 2 . 2 36.6 3. 9 
1 0 2. 5 36.3 5. 8 3 3. 0 4. 5 34.3 8 . 8 
15 8. 8 3 0 . 0 1 0 .0 2 8. 8 10.9 27 . 9 13.3 
2 0 13.1 25 . 7 13.6 25.2 14. 7 24 . 1 16.8 
Bray ' s 25 15.5 23.3 16.9 21.9 16. 3 22.5 18.8 
Lake 30 17.8 21. 0 20.1 18.7 18. 5 20.3 21.9 
Water 35 19.8 19.0 21.6 17.2 20.8 18 . 0 24.5 
4 0 21.8 17. 0 23.3 15.5 22.7 16.1 26.0 
45 23.8 15.0 26.0 12 . 8 25.0 J 3. 8 27.8 
50 25.6 13.2 28.1 10.7 26.3 12.5 29.4 
55 27.0 11.8 28.8 10.0 27.8 11.0 30.6 
5 0 - 1.3 37.0 2. 8 35.5 4.4 
10 2. 3 36.0 5. 5 3 2. 8 7.2 31.1 8.3 
15 5. 8 3 2 . 5 8 . 4 29.9 11.3 27.0 12.3 
20 8 . 3 3 0. 0 13. 3 25.0 14.4 23.9 15.3 
Frisco 25 12.5 25.8 17.1 21.2 16.4 21.9 19.4 
Pond 30 14.3 24.0 17.3 21.0 19.3 19.0 21.1 
Water 35 16.8 21.5 21. 3 17.0 22.0 16.3 23.5 
40 19.0 19.3 2 3. 3 15.0 2 3 . 2 15.1 25.4 
45 20.3 18.0 25.4 12.9 24.5 13.8 27 .3 
50 22.5 15.8 26.8 11.5 26.8 11.5 29.1 
55 24.1 14.2 28.3 10.0 27.6 10.7 30.1 
* C = DO at time t **D~ = oxygen deficit at time t 
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Table C-VII. Oxygen Transfer Using a Spherical 
Stone Diffuser and Pure Oxygen 
Depth from Water Surface,· f t 
0 2 ' 4 
Water Time 
Sample m1n c -;': DT -;': ~': CT 
.•. 
DT ·l: -;': 
c ..  
DT -;':-;': CT -;': .. .. T T 
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 
5 0 - 0 - 0 - 6.4 
1 0 1.7 37.7 2.4 37 . 0 7. 8 31.6 8. 9 
15 4. 4 35.0 6.4 33.0 9. 5 29.9 12.2 
20 7. 6 31.8 9.4 3 0. 0 10.4 29.0 14.3 
Rolla 25 8.4 31.0 11.5 27.9 14.4 25.0 17.2 
Tap 30 10.5 2 8 .9 13.5 25.9 14.5 24.9 18.7 
Water 35 12. 4 27.0 17.4 22.0 16.4 23.0 21.5 
40 14.4 25.0 20.0 19.4 18.4 21.0 23.6 
45 16.4 23.0 21.6 17.8 19.5 19.9 24.5 
50 17 . 4 22.0 2 3. 2 16.2 20.4 19 .0 26 .4 
55 19.4 20.0 24.9 14.5 21.5 17.9 2 7.6 
5 0 - 0 - 0.4 38.4 3 . 5 
10 0 - 0 - 2 . 3 36.5 5. 0 
15 1.3 37.5 2. 0 3 6. 8 5. 3 33 .5 8.6 
20 2. 9 35 . 9 4.8 34.0 6.4 32 . 4 10.3 
Bray ' s 25 5. 0 33.8 8 . 8 3 0. 0 7. 9 30.9 12.8 
Lake 30 6. 8 32.0 11.3 2 7. 5 9.8 29.0 15.0 
Water 35 8. 9 29 . 9 13.4 25.4 10.5 28.3 16.8 
40 9. 8 29.0 16.1 2 2. 7 12.4 26 . 4 18.6 
45 10.7 28.1 18.8 20.0 1 3 .8 2 5.0 20.5 
50 12 .4 26.4 20.6 18.2 14 . 8 24.0 21 . 9 
55 14.3 24.5 22.0 16.8 16.3 22 . 5 2 3. 0 
5 0 - 0 - 1.0 37.2 2.1 
10 0. 9 37 . 3 1 . 3 36.9 2 .1 36 .1 3 . 6 
15 1.7 36.5 2 . 6 35 .6 3 .1 35.1 6.4 
2 0 3 . 5 34.7 5.4 32 . 8 5 . 3 3 2 . 9 10.1 
Frisco 25 6. 3 31.9 8 . 8 29.4 8. 7 2 9. 5 14.0 
Pond 30 10. 2 2 8. 0 1 2 .1 26.1 11.2 27.0 14.4 
Water 35 10.3 27.9 14.3 23.9 12.2 2 6. 0 16.1 
40 12.3 2 5.9 16.0 22 . 2 14.2 24 . 0 18.5 
45 13.2 25 .0 1 8.7 19.5 15.8 22 .4 19.9 
50 15.1 23 .1 20 .5 17.7 16.9 21 . 3 21 . 8 
55 17.1 21. 1 22.2 16.0 18.8 19.4 2 3 . 2 
* CT = DO at time t 
**DT = oxygen deficit at time t 
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13 . 0 
11.8 
3 5 . 3 
33.8 
30 . 2 
28 .5 
26.0 
2 3 . 8 
22.0 
20 .2 
18 . 3 
16.9 












Tabl e C- VIII. Oxygen Transfer Using a Ceramic Diffuser 
Type A and Pure Oxygen 
Depth from Water Surface, 
0 2 
Water Time 
Sample m1n c ·l: D ~'~ ~·: c ;~ D '4': ~': 
T T T T 
mg/1 mg/1 mg/1 mg/1 
5 0 - 0 -
1 0 0. 8 3 8. 3 1 . 2 3 7 . 9 
15 6. 3 32.8 7.4 31 . 7 
20 11.8 2 7. 3 15.3 2 3. 8 
Rolla 2 5 18 . 1 21 .0 22 .5 16.6 
Tap 30 23.1 16.0 24.1 15.0 
Water 35 25.6 13.5 2 7 .6 11.5 
40 28.1 11.0 30.1 9. 0 
45 30.4 8. 7 32 .1 7. 0 
50 32 .1 7. 0 33.6 5. 5 
5 0 - 0 -
10 0. 8 3 7. 0 2 . 3 35.5 
15 5.4 32 .4 7 . 2 30.6 
2 0 11 .4 26. 4 12 . 2 25.6 
Bray ' s 25 16.7 21 . 1 18.0 19 . 8 
Lake 3 0 19. 1 18.7 21.0 16.8 
Water 35 21 . 8 16.0 23 .8 14.0 
4 0 24 . 5 13.3 26 .0 11.8 
45 26 .5 11.3 27. 8 10.0 
50 2 8.4 9.4 29 .7 8.1 
5 0 - 0 -
10 0.4 3 7. 3 0. 5 3 7. 2 
15 5.5 32.2 5. 8 31.9 
2 0 9 . 0 28 .7 9. 6 28 .1 
Fris co 25 13 .9 2 3 . 8 13.8 23 .9 
Pond 3 0 17.8 19.9 19.4 18 . 3 
Water 35 19.6 18.1 20 .5 17. 2 
40 21.9 15.8 22.7 15.0 
45 24.2 13.5 24.7 13.0 
50 25.7 12.0 26 . 8 10.9 
* C = DO at time t 
**DT = oxygen deficit at time t 
T 
4 
c )': D -l: -.': 
T T 
mg/1 mg/1 
3. 0 36.1 
7.4 31.7 
13 .0 26.1 
17.7 21 .4 
23 .4 15.7 
2 6. 2 12.9 
2 9. 0 10.1 
31. 2 7 .9 
32.6 6. 5 
34.1 5 . 0 
2. 0 35.8 
6.1 31.7 
1 0.4 27.4 
16 . 2 21 .6 
2 0.6 17.2 
22 . 3 15.5 
24.8 13.0 
2 6.7 11.1 
28.4 9.4 
3 0. 3 7 . 5 
0 -
3 . 4 34.3 
8 . 5 29 . 2 
11.9 2 5. 8 
16 . 2 21.5 
20.6 17.1 
21.7 16.0 
2 3 . 9 13.8 








10.4 2 8. 7 
17.2 21.9 
23.0 16 . 1 
26 . 0 13 . 1 
28 . 9 10. 2 
31.1 8. 0 
33.1 6 . 0 
34.1 5. 0 
35 .5 3 . 6 
4. 3 3 3 . 5 
8. 1 29.7 
12.3 25 . 5 
17.1 20 .7 
21.0 16.8 
23 .4 14.4 
25 .6 12. 2 
27 .8 10.0 
29 . 2 8 . 6 
3 0.6 7 . 2 
0 -
3 . 6 34.1 
8. 6 29 . 1 
12.5 2 5 . 2 
16.8 2 0 . 9 
21.3 16.4 
22 . 7 15.0 
24.8 12.9 
27.0 10.7 
28 .7 9 . 0 
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Table C-IX. Oxygen Transfer Using a Ceramic Diffuser 
Type B and Pure Oxygen 
Depth from Water Surface, 
0 2 
Water Time 
Sample mln CT ,': DT ·'· ·'· .... ., .. CT ·'· " DT 'fl': ~·: 
mg/1 mg/1 mg/1 mg/1 
5 0 - 0 -
10 0 - 0 -
15 0 - 1.1 38.1 
Rolla 20 2 . 9 36.3 4-.1 35.1 
Tap 25 5.4- 33.8 8.1 31.1 
Water 30 8. 3 30.9 10.8 28.4-
35 11.7 27.5 14-.7 24-.5 
4-0 14-.6 24-.6 17.2 22.0 
4-5 17.2 22.0 20.7 18.5 
5 0 - 0 -
10 0 - 0 -
15 0 - 0. 9 3 8.0 
Bray ' s 20 0 - 3.4- 35.5 
Lake 25 4- . 2 34- . 7 7.1 31.8 
Water 30 7.4- 31. 5 9 . 9 29.0 
35 8.9 30.0 12.4- 26.5 
4-0 11.9 27.0 13.9 2 5. 0 
4-5 15.6 2 3. 3 17.3 21.6 
5 0 - 0 -
10 0 - 0 -
15 0 - 0 -
Frisco 20 0 - 0. 3 3 8.6 
Pond 25 0 . 5 38.4- 2 . 8 36 . 1 
Water 30 2 . 5 36.4- 5 . 0 33 .9 
35 5 . 5 33 .4- 8. 5 30.4-
4-0 8.4- 30.5 11 . 2 28.7 
4-5 11.5 2 7.4- 13.2 26.7 
* C = DO at time t 
**DT = oxyg en defici t a t t i me t 
T 
4-
CT ~·: DT ~~ ~·: 
mg/1 mg/1 
1.4- 37 . 8 
3. 8 35.4-
5. 7 33.5 
8. 5 30.7 






0 . 8 38.1 
2.8 36.1 
6. 9 32 .0 
8. 5 30.4-






3 . 8 35.1 
4-.9 34-.0 
6. 5 32.4-
9.1 29 . 8 
1 0.6 28 . 3 
13.0 2 5. 9 
1 5.0 2 3. 9 
ft 
6 
CT * DT ~': '>': 
mg/1 mg/1 
2. 2 37. 2 
3 . 9 35.3 
9 . 5 2 9 . 7 
11.9 2 7. 3 
14-.6 24-.6 
16.2 23 . 0 
19.2 20 .0 
21.2 18.0 
23 .6 15.6 
1.7 37.2 
4-.4- 34-.5 
7 . 9 31 . 0 
11.9 27.0 
13 .9 25 . 0 
16.0 22 . 9 . 
17.0 21.9 
20.8 18 . 1 
21 .9 17 . 0 
3 . 7 35 . 2 
4-.9 34-.0 
6 . 3 32.6 
8. 2 30.7 
9. 3 29 . 6 
11.4- 27 . 5 
12.9 26 . 0 
15.9 23 . 0 
17.7 22 . 2 
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